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CHAPTER I 
 
INTRODUCTION 
 Extensive evidence indicates that alcohol (ethanol) consumption affects human 
health by altering normal physiological functions of organs including the liver, 
gastrointestinal tract, central nervous system, skeletal, cardiovascular and immune 
systems (Allen et al., 2009; Bagnardi et al., 2001; Beulens et al., 2007b).  Both acute and 
chronic ethanol consumption are associated with a compromised immune response which 
correlates with an increased susceptibility to bacterial or viral infections.  For example, 
acute exposure of ethanol has been shown to down regulate proinflammatory cytokine 
production by human blood monocytes and murine macrophages stimulated by 
lipopolysaccharide (Goral et al., 2004; Nelson et al., 1989b; Verma et al., 1993).  In 
contrast, chronic ethanol exposure has been associated with an increase in circulating 
proinflammatory cytokines and activation of Kupffer cells in the liver (Deviere et al., 
1989; Hines and Wheeler, 2004; Khoruts et al., 1991).  These immunomodulatory 
consequences of ethanol exposure not only vary between acute and chronic ethanol 
exposure but, as will be discussed in the background, are often dependent on the organ, 
cell type, or species exposed to ethanol (Cook, 1998; Goral et al., 2008). 
 One cell type known to be affected by ethanol exposure and plays a central role in 
the innate and adaptive immune response is the macrophage.  Macrophages recognize 
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pathogens via pattern recognition receptors, such as Toll-like receptors, or phagocytic 
receptors, which include the Fcγ receptors.  Ethanol-induced alterations in macrophage 
recognition of antigens or an inability to respond to an infectious stimulus, would result 
in insufficient cell-mediated and humoral immune responses necessary for proper 
clearance of an infection.  
 In the context of an infection, phagocytic receptors are utilized by cells to 
recognize and consume a pathogen.  This leads to destruction of the pathogen and allows 
antigen presenting cells to express pathogenic epitopes on their surface, allowing a 
specific immune response.  Initial internalization of a pathogen is necessary for this 
process to occur, and known mechanisms required for phagocytosis include the use of the 
actin cytoskeleton, adhesion molecules, and the Rho family of small GTPases (Allen and 
Aderem, 1996; Caron and Hall, 1998).  All three of the aforementioned mechanisms have 
been shown to be affected by acute exposure of ethanol (Guasch et al., 2003; Schaffert et 
al., 2006), but prior to this study, none have linked these observations with ethanol 
induced suppression of phagocytosis.   
 This dissertation project initially began studying the effect of ethanol on general 
macrophage functions, including cytokine production and phagocytosis.  The direction of 
the study was honed in on elucidating the mechanisms by which acute exposure of 
ethanol can suppress macrophages phagocytosis of a pathogen.  Our study focuses on the 
Fcγ receptor pathway of phagocytosis in order to isolate a single pathway and inhibiting 
potential indirect effects of ethanol.  These data not only allow us a better understanding 
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of how ethanol is suppressing phagocytosis, but can potentially be applied to other 
cellular functions in future studies. 
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Hypothesis: Acute ethanol exposure results in decreased macrophage cytokine 
production and phagocytosis.  Ethanol impairs normal small GTPase activation, adhesion 
formation, and subsequent actin recruitment to the phagosome during phagocytosis. 
 
Specific Aims 
 
AIM 1: To compare the suppressive effects of ethanol on macrophage cytokine 
production and phagocytosis in a time and dose dependent manner. 
 
AIM 2: To determine if phagosome adhesion formation and actin polymerization are 
suppressed in macrophages during FcγR-mediated phagocytosis following acute ethanol 
exposure. 
 
AIM 3: To determine the mechanisms by which small GTPase regulation is affected by 
acute ethanol exposure during FcγR -mediated phagocytosis. 
 
5 
 
 
 
 
CHAPTER II 
 
REVIEW OF THE RELATED LITERATURE 
Risks of Alcohol Consumption 
 Alcohol (ethanol) is a global health problem, with the average person consuming 
6.2 L/year worldwide.  While half of the world’s total population abstains from alcohol, it 
is estimated that 3.8% of all global deaths and 4.6% of global disease, including the 
reduction of healthy living years, is attributed to alcohol consumption (Rehm et al., 
2009).  The NIH defines chronic ethanol abuse as 120-150 g (>8 drinks) per day and 
acute ethanol exposure as an amount of alcohol sufficient to increase blood alcohol levels 
above 80 mg/dl in the blood (http://www.niaaa.nih.gov/).  This is the equivalent to about 
5 drinks for males and 4 drinks for females in one sitting, a quantity which can vary 
depending on the weight of an individual.  Though most studies focus on direct 
correlations of alcohol with morbidity and mortality, the consumption of alcohol is also 
accompanied by indirect, or collateral, damage and the financial burden countries have to 
shoulder (Anderson et al., 2009a; Casswell and Thamarangsi, 2009).  Education 
seminars, both in school and for parents, sobriety checkpoints and random breath testing, 
and advertizing are some of many ways governments can promote abstinence (Anderson 
et al., 2009b; Petrie et al., 2007; Shults et al., 2001).  Some of these approaches have been 
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shown to reduce alcohol related accidents, morbidity, and mortality, but regardless of 
their efficacy, they cost money to support. 
Low daily intake (5-10 g/day) of alcohol is suggested to improve outcomes of 
certain pathologic conditions, such as ischemic cardiovascular complications as well as 
diabetes, but the detrimental effects on disease and injury outweigh the benefits (Puddey 
et al., 1999; Rehm et al., 2003). It is important to highlight that the health-related benefits 
of alcohol is relevant only for populations with a higher risk of heart disease, such as men 
and post-menopausal women over 45 years of age.  In contrast, evidence suggests that 
alcohol consumption is linked to an increased incidence or exacerbated morbidity from 
diseases such as cancer, cardiovascular disease, and liver disease (Allen et al., 2009; 
Bagnardi et al., 2001; Beulens et al., 2007a; Hines and Wheeler, 2004).  Additionally, 
alcohol is associated as a causal factor in injury, an example being that blood alcohol is 
detected in 50% of the burn patients at the time of hospital admission (Haum et al., 1995; 
Howland and Hingson, 1987; McGill et al., 1995; Nelson and Kolls, 2002). Furthermore, 
the consumption of any amount of alcohol is dangerous to a developing fetus (Mancinelli 
et al., 2009).  Fetal alcohol syndrome, caused by drinking during pregnancy, is the 
leading causes for birth defects and mental retardation that can be prevented (Warren and 
Bast, 1988).   When considering the increased risk of injury, fetal mental disorders, death, 
plus the financial burden on the government and individuals, society needs to control 
their alcohol intake as well as their actions if they do consume alcohol.  
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The Initial Immune Response 
 
 Inflammation is defined as the response of the immune system to harmful stimuli.  
The function of inflammation is to prevent pathogen proliferation, remove cellular debris, 
and promote tissue repair in response to stimuli such as pathogens, toxins, and damaged 
cells (Henson, 2005).  This process is initiated by the release of pro-inflammatory 
cytokines including interleukin (IL)-1β and tumor necrosis factor (TNF)-α from resident 
leukocytes, such as macrophages, and damaged cells at the site of injury or infection 
(Garcia-Ramallo et al., 2002; Sibille and Reynolds, 1990).  Subsequently, there is a 
chemokine driven recruitment of more innate inflammatory cells, marked by a rapid 
neutrophil influx followed by infiltration of monocytes (precursors to macrophages) 
(Figure 1) (Baskaran et al., 2000; Demling et al., 1989; Martin and Leibovich, 2005).  
This initial inflammation and innate immune response can be resolved quickly or can 
stimulate the adaptive immune response to generate a robust, specific attack on the 
harmful pathogen. 
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Figure 1: Localized innate immune response to infection.  Initial interaction of resident 
macrophages with a pathogen (1) induces cytokine (not shown) and chemokine release 
(2).  KC and MIP-2 subsequently recruit neutrophils to site of infection, whereas MCP-1 
recruits monocytes from the circulation (3).  MIP-2- macrophage inflammatory protein 2, 
MCP-1- monocyte chemoattractant protein 1. 
 
 
 As mentioned above, both neutrophils and monocytes are recruited to the site of 
the stimulus.  Both cells are derived from granulocyte-monocyte precursors, but undergo 
diverse maturation processes resulting in significant functional differences between the 
two cell types (Dahl et al., 2003; DeKoter et al., 1998; van Furth and Cohn, 1968).  Prior 
to stimulus activation, neutrophils play an important role in immune surveillance, 
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undergoing constant turnover every 8-12 hours in order to maintain adequate numbers in 
the circulation (Weinmann et al., 2003).  After insult, granulocyte-colony stimulating 
factor (G-CSF) or granulocyte monocyte-colony stimulating factor (GM-CSF) mediates 
the release of neutrophils from the bone marrow into the circulation and increases the 
lifespan of neutrophils to 1-2 days (Basu et al., 2002; Nathan, 2006; Semerad et al., 
2002).  This prolonged lifespan allows for continued neutrophil infiltration at the injury 
site (Chilvers et al., 2000; Mukae et al., 2000).  Contrary to neutrophil maturation, 
monocytes are released from the bone marrow and circulate in the peripheral blood for 1-
3 days prior to migrating into various organs and differentiating into resident tissue 
macrophages (Martinez et al., 2006).  Recruitment of monocytes to foci of active 
inflammation is driven in part by monocyte chemotactic protein (MCP)-1 (CCL2), 
doubling the monocyte tissue population in response to an inflammatory challenge 
(Ajuebor et al., 1998; Gu et al., 1998; Lu et al., 1998; Van Furth et al., 1973).  Ultimately, 
macrophages and neutrophils are critical in one's initial response to a potentially harmful 
stimulus.  Regulation of these cells is typically tightly controlled and agents that alter this 
control pose a threat to the normal immune response.   
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Ethanol and Immune Function 
 
 Alcohol is known to have a suppressive effect on immune function (Happel and 
Nelson, 2005). Regardless of duration of alcohol exposure (acute or chronic), alcohol 
consumption increases complications after infections demonstrated by the decreased 
ability to clear opportunistic pathogens.  Patients presenting with either pneumonia or 
septic shock and a history of alcohol abuse, are associated with higher probability of 
becoming infected with Pseudomonas (P.) aeruginosa (Marik, 2000).  Moreover, alcohol 
abusers suffer a 3-7 fold greater mortality rate from bacterial pneumonia compared with 
subjects who have pneumonia without prior alcohol exposure (Schmidt and De Lint, 
1972).  Upon admission to the hospital, patients with alcohol in their system have longer 
lengths of stay and increased intensive care unit stay (Saitz et al., 1997).   
Consumption of alcohol is known to have a variety of effects on immune 
function, including decreased lymphocyte responsiveness to mitogens, suppressed 
neutrophil chemotactic and phagocytic functions, and alteration in cytokine production 
by lymphocytes and macrophages (Cook, 1998; Messingham et al., 2002; Napolitano et 
al., 1995; Szabo, 1998).  In some organs, such as the lungs, the effect of ethanol on 
immune function is independent of the length of ethanol exposure.  In other organs, such 
as the spleen, there is a biphasic effect of ethanol on the inflammatory response 
depending on the duration of ethanol exposure.  In general, chronic ethanol exposure is 
said to underlie inflammatory processes such as atherosclerosis, multiple sclerosis, 
11 
 
                                                                                        
  
Alzheimer’s disease, liver disease, and rheumatoid arthritis (Cunningham et al., 2005; 
Feldmann et al., 1996; Libby, 2002; Perry et al., 2007).  This contrasts acute ethanol 
exposure, which has been shown to suppress the inflammatory process (Brown et al., 
2007; Goral et al., 2004; Goral and Kovacs, 2005; Joshi et al., 2005; Libon et al., 1993).  
The scope of this dissertation focuses on the effects of acute ethanol exposure on immune 
function, and therefore, will be further discussed. 
 Many examples of in vivo or in vitro treatment of acute ethanol exposure have 
shown the suppressive effects of ethanol on the production of pro-inflammatory 
cytokines.  Various doses of ethanol have been used when studying these effects, 
therefore graphical representation correlating blood alcohol concentration with in vitro 
concentration and percent alcohol was produced for reference (Figure 2).  Ethanol 
administration, via intraperitoneal injection or gastric gavage, has been shown to induce 
decreases in the response of leukocyte cytokine production in response to pathogenic 
stimulus or pathogen associated molecular pattern molecule (PAMP).  One of the 
functions of TNF-α is the induction of chemokines that attract neutrophils to organs such 
as the lungs.  Rats subjected to acute ethanol exposure had suppressed macrophage 
inflammatory protein (MIP)-2, cytokine-induced neutrophil chemoattractant (CINC) 
levels, and subsequent neutrophil recruitment to the lung in response to bacterial 
infection or intratracheal administration of LPS (Boe et al., 2003; Zhang et al., 2007).  In 
parallel, TNF-α is important in activating endothelial cells to express adhesion molecules 
which allow binding of lymphoid cells.  Human endothelial cells treated with 0.1-0.5% 
12 
 
                                                                                        
  
ethanol for one hour had decreased TNF-α-induced expression of E-selectin, intercellular 
adhesion molecule (ICAM)-1, and vascular cell adhesion molecule (VCAM)-1 compared 
to cells stimulated without prior ethanol exposure (Saeed et al., 2004).  Additionally, 
there was a decrease in the production of chemokines IL-8, monocyte chemotactic 
protein (MCP)-1, and regulated upon activation, normal T-cell expressed and secreted 
(RANTES), and adhesion of lymphoid cells (Saeed et al., 2004).  Finally, in the context 
of mechanical removal of lung debris, ethanol has been shown to affect proper beating of 
cilia of the mucociliary apparatus, known to play an essential role in clearing bacteria and 
impurities from the airways (Sisson, 2007).  Ethanol exerts concentration-dependent 
biphasic effects on ciliary movement.  Low concentrations of ethanol (0.01-0.1%) were 
shown to increase, whereas higher concentrations (2%) resulted in the lower beating 
frequency in cilia.  Moderate concentrations of ethanol (0.5-1%) did not cause any 
alterations in ciliary movement (Maurer and Liebman, 1988; Wyatt et al., 2004). 
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Figure 2: Correlation of ethanol in circulation to concentration in vitro.  Horizontal and 
vertical line is representative of the in vitro dose of ethanol used in the in vitro studies.  
Diagonal line represents the slope of the correlation between concentration and percent 
with blood alcohol concentration.  Modified with permission from Dr. EJ Neafsey, 
Loyola University, unpublished graph. 
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Role of Macrophages in Immunity 
 
 
 Under basal conditions, resident tissue macrophages monitor tissue homeostasis.  
Examples of these cells include alveolar macrophages in the lungs, Kupffer cells in the 
liver, and microglia in the central nervous system.  The resident macrophages will be the 
first of the immune cells to respond to the stimulus.  In the context of a pathogen, these 
sentinel cells release cytokines and chemokines to quickly recruit neutrophils and 
monocytes, as well as remove the pathogen by phagocytosis (Figure 1).  Macrophages' 
sensitivity to various cytokines and other inflammatory stimuli allow them to play a 
significant role in initiating and resolving the inflammatory response within tissues 
(Martin and Leibovich, 2005; Sibille and Reynolds, 1990; Smith et al., 2005).   
Pattern recognition receptors (PRRs) on the surface of macrophages allow them to 
quickly respond to pathogens.  Many immune cells express PRRs and, through these 
receptors, can identify a pathogen by binding to a PAMP (Werling and Jungi, 2003).  
PAMPs are danger signals associated with microbial pathogens, and the interaction 
between a PAMP and a PRR is an evolutionarily conserved form of immune surveillance 
originating prior to the development of adaptive immunity.  The activation of the 
adaptive immune response is also a macrophage driven process, highlighted by their 
ability to present a cleaved fragment of antigen on major histocompatibility complex 
(MHC) molecules (though other cells such as dendritic cells can also present antigen on 
MHC molecules) (Rosenthal and Shevach, 1973; Unanue, 1981).  After macrophages 
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phagocytose and digest a pathogen, they integrate and display the antigen on its surface 
via MHC class II molecules.  This allows macrophages to present the antigen to helper T 
cells, as well as signal to other immune cells that, though it has antigen on its surface, it is 
not foreign.  In parallel to expressing antigen on an MHC molecule, macrophages also aid 
in development of an adaptive response by releasing cytokines, such as IL-12, which 
promotes T cell proliferation in  lymph nodes (Trinchieri, 1995).  Though macrophages 
are not the only immune cell involved in the clearance of pathogens and debris or the 
presentation of antigen on MHC molecules, they are the first resident immune cell to 
initiate an immunological response, they release signals that recruit additional leukocytes, 
and are the last cell at the site of infection involved in the clean-up of the immune 
response. 
 
Alveolar Macrophages and Pulmonary Infection 
 
 
 The lungs respond to a pathogen via the direct activation of immune cells or via 
the release of the surfactants.  Non-immune, type II pneumocytes and clara cells have 
been shown to release surfactant proteins A-D in response to a pathogenic stimulant 
(Crouch, 1998; Eggleton and Reid, 1999).   These proteins can interact with 
microorganisms, induce activation of leukocytes, and stimulate phagocytic cells.  The 
main resident immune cell of the lungs is the alveolar macrophage.  They survey the 
alveolar-blood interface against infectious, toxic, or allergic particles that have evaded 
the mechanical defenses of the respiratory tract and are first to respond to an infection 
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(Karrer, 1958).  In parallel to this, alveolar macrophages are also responsible for the 
clearance of apoptotic polymorphonuclear cells (PMNs) after the PMNs have 
phagocytosed pathogen and released their granular content (Rubins, 2003).  This 
clearance and control of the immune response is of equal importance to the initiation of 
the immune response.  Prolonged uncontrolled response to a pathogen can result in 
unwanted tissue damage due to the release of oxygen metabolites, lysozyme, peptides and 
proteases, ultimately disrupting the lung architecture and impairing physiological gas 
exchange (Smith, 1994).  It is known that upon initial contact to a pathogen, such as P. 
aeruginosa, alveolar macrophages are responsible for the release of MIP-2 and KC, 
resulting in a robust PMN recruitment (Hashimoto et al., 1996; Kooguchi et al., 1998).  
The use of aerosolized, negatively charged large oligolamellar liposomes encapsulating 
clodronate disodium, which depletes 95% of the lungs alveolar macrophages, resulted in 
decreased MIP-2 and KC release, reduced PMN recruitment, prolonged presence of P. 
aeruginosa, and resulted in poor survival in mice infected with P. aeruginosa (Kooguchi 
et al., 1998).  These data suggest the importance of alveolar macrophages during a lung 
infection.  The importance of alveolar macrophages during an infection is observed 
during the initial stages of infection as well as the resolution of the infection and the 
immune response.  Early, they are responsible for the release of IL-6 and TNF-α during 
the onset of infection, produce anti-inflammatory cytokines such as IL-10 to dampen the 
immune response, and are necessary for the clearance of both the pathogen and apoptotic 
PMNs at the terminus of an infectious clearance. 
17 
 
                                                                                        
  
 
Macrophage Phagocytosis 
 
 The process of phagocytosis is the cellular uptake of pathogens, cellular debris, 
and apoptotic cells.  Though the basic concepts of phagocytosis were described in the late 
1800’s and early 1900’s by the Nobel laureate Elie Metchnikoff, its definition and the 
mechanisms utilized during this process have more recently been described in much 
greater detail (Metchnikoff, E: Immunity in Infectious Diseases. Cambridge: Cambridge 
Press; 1905, Metchnikoff, E. (1893). Lectures on the comparative pathology of 
inflammation. (Reprinted in 1968.) Dover, New York).  Phagocytosis is distinguished 
from other forms of cellular engulfment, such as endocytosis or pinocytosis, by three 
major characteristics: 1) phagocytosis involves the ingestion of particles at least 0.5 µm 
in diameter; 2) the process is initiated by the interaction of PAMPs or opsonized particles 
interacting with specific cellular receptors located on the phagocyte; and 3) ligand-
receptor complex triggers the local reorganization of the actin cytoskeleton that provides 
a driving force for the engulfment of the particle (Aderem and Underhill, 1999; 
Kwiatkowska and Sobota, 1999; May and Machesky, 2001).  The act of phagocytosis is 
separate from the endocytosis of particles, as activation of endocytosis does not require 
receptor stimulation, plus endocytosis utilizes clathrin rather than actin, to engulf the 
product. (Conner and Schmid, 2003; Grant and Donaldson, 2009; Steinman et al., 1983).  
Phagocytosis is initiated by the activation of receptors and examples include: the 
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Fragment, crystallizable (Fc) receptor, which binds to the Fc portion of immunoglobulin, 
complement receptor (consisting of CD11b and CD18, or the integrins aM/β2 
respectively), which binds to complement opsonized particles, the mannose and 
scavenger receptors binding to mannose moieties and modified low density lipoprotein, 
respectively, and CD14/TLR4, which binds to LPS (Brown, 1991; Devitt et al., 1998; 
Platt et al., 1998; Sanchez-Mejorada and Rosales, 1998; Stahl and Ezekowitz, 1998).  The 
two most commonly studied receptors that mediate phagocytosis include the Fc-receptor 
and complement-receptor, and for this study we will be focusing on Fc-receptor mediated 
phagocytosis. 
 
 
Pathogen Opsonization 
 
Phagocytosis can occur following the interaction of an invading organism’s 
PAMPs with the PRRs of professional phagocytic cells, or can include the use of 
opsonins, or binding enhancers, to exacerbate a phagocytic response.  The most common 
opsonins include antibodies and the components of the complement system.  The 
complement system consists of circulating proteins, mostly generated in the liver, that 
either induce pores in the membrane of cells or opsonize the pathogen to enhance its 
clearance.  Antibody opsonization can occur via immunoglobulins that are in the 
circulation from a previously encountered infectious pathogens, or new antibody 
production via plasma cells of the adaptive immune system. 
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Complement-mediated opsonization depends on triggering of the classical, lectin, 
and alternative pathways of complement activation (Walport, 2001). All three share the 
common step of activating the central component C3, but they differ in initial 
biochemical steps leading to C3 activation.  In the classical pathway, C1 binds via its C1q 
subunits to Fc region of IgG or IgM complexed with antigens. C4b and C3b are also able 
to bind to antigen-associated IgG or IgM on their Fc portions.  The alternative pathway is 
initiated via the spontaneous hydrolysis of C3 into C3a and C3b. Ultimately both 
pathways result in the ability to cleave C5 via C5 convertase (Rawal and Pangburn, 
2001).  Proper control of the complement system is required to prevent unwanted damage 
to the host.  The disease paroxysmal nocturnal hemaglobinuria, is a result of a loss of 
CD55 or CD59.  This example of complement over-activation results in hemolytic 
anemia, or anemia due to the destruction of red blood cells.  One way of limiting the 
complement system is by the release of CD59, or protectin, which inhibits C9 
polymerization during the formation of the membrane attack complex (Huang et al., 
2006).  On the other hand, complement deficiency is also detrimental to normal immune 
function.  The loss of normal complement production can result in pathologies such as 
angioedema, systemic lupus erythematosus, and recurrent meningococcal disease 
(Sjoholm et al., 2006).   
As mentioned above, antibodies remain in the circulation from a previous 
interaction with a pathogen, or can be newly synthesized in response to a current 
pathogen epitope by plasma cells.  Antibodies, or immunoglobulins (Ig), are proteins that 
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circulate the blood and lymphatic to identify, neutralize, and opsonize pathogen.  They 
consist of two heavy chains and two light chains.  The light chains include the Fragment, 
antigen binding (Fab) region that binds to a specific epitope on a pathogen, and the heavy 
chain is composed of the Fc region that binds to and activates Fc- receptors (FcRs).  
There are four principal antibodies that are associated with phagocytosis.  These include 
IgG, IgA, IgE, and IgM, and can bind to Fcγ, α, ε, or µ- receptors, respectively (Otten 
and van Egmond, 2004; Shin et al., 2006; Uher et al., 1981).  Depending on the receptor 
they bind, these immunoglobulins can induce phagocytosis, pathogen killing, or cellular 
degranulation (Raghavan and Bjorkman, 1996).  The most efficient and important 
antibody opsonin for the clearance of a pathogen is IgG.  IgG will bind to and activate the 
Fcγ receptor (FcγR) after it has opsonized a pathogen.  This immunoglobulin superfamily 
member includes FcγRI (CD64), FcγRII(A and B) (CD32), and FcγRIII (A and B) 
(CD64), which possess varying affinity to IgG due to extracellular structural differences 
(Daeron, 1997).  The FcγRs also have intracellular domain differences.  While all three 
FcγRs induce a signaling cascade by phosphorylation of the immunoreceptor tyrosine 
based activation motif (ITAM), the intracellular tail of FcγRII is the only FcγR that 
contains this motif.  FcγRI and III interact with the adaptor protein Fcγ subunit containing 
the ITAM in order to promote signal transduction (Figure 3).  As mentioned in the 
previous section, phagocytosis and other forms of internalization have many differences.  
The opsonization of a pathogen will initiate receptor mediated phagocytosis through 
many signaling pathways which will be described in detail in the following chapter.   
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Figure 3:  Extracellular and intracellular composition of the Fcγ receptors.  FcγRs have 
either two or three immunoglobulin (Ig)-like extracellular domains.  The presence of 
three Ig-like domains expressed by FcγRI allows the binding of monomeric IgG, whereas 
FcγRII and -III must bind to polymeric IgG.  Signal generation occurs via 
phosphorylation of an immunoreceptor tyrosine-based activation motif (ITAM).  An 
ITAM is present in the intracellular tail of FcγRIIA.  FcγRI and FcγRIIIA do not have an 
ITAM in their intracellular domain but can transmit an activating signal to their 
phagocytes by interacting with the adaptor protein Fcγ. FcγRIIB1 and FcγRIIB2 have an 
immunoreceptor tyrosine-based inhibitory motif (ITIM) sequence and are inhibitory Fc 
receptors. Modified from Marc Daeron 1997.   
 
FcγRIII FcγRII FcγRI 
γ subunit containing an ITAM motif 
ITAM motif 
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Fc-Receptor Mediated Signaling Pathways and Responses 
  
 As mentioned above, the Fc portion of an antibody can bind to and activate the 
FcγRs which express differential affinities towards IgG antibodies.  FcγRI, which has the 
highest affinity to IgG, can be activated by monomeric antibody, and therefore is 
important in clearing free IgG from the circulation, in addition to its role in phagocytosis.  
FcγRII and FcγRIII have a weaker affinity towards IgG and need polymeric antibodies, or 
antibody clusters, to initiate receptor activation.  Ligand binding activates the pro-
phagocytic immunoreceptor tyrosine-based activation motif (ITAM) or the anti-
phagocytic immunoreceptor tyrosine-based inhibitory motif (ITIM) by phosphorylation 
of these conserved tyrosine residues (Figure 4).  Specifically, ligand/receptor interaction 
induces receptor clustering and Src kinase activation.  Activated Src rapidly, but 
transiently, phosphorylates tyrosine residues within ITAM which serve as high-affinity 
binding sites for the Src homology-2 (SH2) domains of both Src and Syk kinases (Figure 
4) (Huang et al., 1992; Hunter et al., 1993; Indik et al., 1995).  Subsequently, Syk can 
activate phosphoinositide 3-kinase (PI3K) through the phosphorylation of p85 binding 
protein, a docking protein for the PI3K regulatory protein, p85.  PI3K can bind to the Src 
homology-3 (SH3) domain of Src kinases for additional activation (Prasad et al., 1993).  
Additionally, Syk has been shown to cooperate with Src kinases to promote receptor 
phosphorylate and initiate signaling, as macrophages lacking Syk show reduced 
phosphorylation of the FcγR (Kiefer et al., 1998).  Ultimately, through 
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phosphatidylinositol (3,4,5)-trisphosphate (PIP3), the guanine nucleotide exchange factors 
(GEFs), Vav and Sos, can activate the small GTPases Rac and Ras (Darby et al., 1994) 
leading to local focal adhesion formation and actin polymerization (Aderem and 
Underhill, 1999).  This process occurs upon activation of all the FcγRs except FcγRIIb.   
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Figure 4: Pro- and anti- phagocytic Fcγ-receptors and their effects on the mechanisms 
that control phagocytosis.  FcγRI, IIA, and III are pro-phagocytic receptors that utilize 
Src kinases to phosphorylate ITAM motifs, allowing subsequent binding of Syk kinase 
and downstream PI3K and PLC.  Direct activation by the Rho GEF Vav and indirectly by 
PI3K, the small GTPases can induce actin polymerization at the phagosome and MAPK 
activation.  In contrast, possibly through Lim phosphorylation of ITIMs, inhibitory 
phagocytic receptors (FcγRIIB) can suppress PI3K and PLC upon IgG binding.  PI3K- 
phosphoinositide 3-kinase, GEF- guanine nucleotide exchange factor, ITAM- 
immunoreceptor tyrosine-based activation motif, ITIM- immunoreceptor tyrosine-based 
inhibitory motif, MAPK- mitogen activated protein kinase, PLC- phospholipase C.
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 The sole inhibitory receptor of the FcγR family is FcγRIIb which contains the 
ITIM at the cytoplasmic portion of the receptor.  Through its interactions with protein 
tyrosine phosphatases instead of protein tyrosine kinases, this receptor is able to 
extinguish activation signals by dephosphorylation of receptors and other components of 
the signaling cascade (Daeron et al., 1995; Van den Herik-Oudijk et al., 1995).  Original 
studies linked FcγRIIb and its ITIM with decreased phosphatidylinositol 4,5-
bisphosphate hydrolysis and Ca2+ mobilization in B-cells (Bijsterbosch and Klaus, 1985; 
Muta et al., 1994).  Similar to ITAM, ITIM also has SH2 binding sites but recruit SH2 
domain-containing phosphatase (SHIP)-1 protein tyrosine phosphatase upon 
phosphorylation (Figure 4) (D'Ambrosio et al., 1995).  SHIP-1 does not need to be 
phosphorylated, but rather only needs tyrosine-phosphorylated ITIM binding to its SH2 
domain to increase its catalytic activity (D'Ambrosio et al., 1995; Lechleider et al., 1993; 
Vogel et al., 1993).  SHIP-1 activation will ultimately result in the dephosphorylation and 
inhibition of the kinases Src and Syk. 
 FcγR activation is also known to induce mitogen activated protein kinase 
(MAPK) activation and production of inflammatory cytokines such as IL-1β, IL-6, and 
IL-10 (Ganesan et al., 2006; Lucas et al., 2005).  Stimulation of bone marrow-derived 
macrophages or the ascites derived murine macrophage cell line RAW264.7 by 
aggregated IgG stimulation alone induced IL-10, IL-1β, and IL-6 (Lucas et al., 2005).  
Additionally, bone marrow-derived macrophages stimulated with IgG plus LPS results in 
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an exacerbated magnitude and more rapid phosphorylation of extracellular-signal 
regulated kinase (ERK) 1/2, p38 MAPK, and subsequent IL-10 production than LPS 
alone (Ganesan et al., 2006; Lucas et al., 2005).  Studies suggest that this is happening 
via the Ras/ERK pathway or through Rac stimulation of the MAPs c-jun N-terminal 
kinase (JNK) and p38 (Figure 5) (Frost et al., 1997; Ganesan et al., 2006; Minden et al., 
1995).   
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Figure 5: Small GTPases activate the MAPK pathway following Fcγ- or integrin- 
receptor activation.  PAK activation by the small GTPases can directly activate ERK1/2 
and JNK through MEK1 or JNKK, respectively.  ERK1/2 can also be phosphorylated by 
indirect activation of Raf-1, upstream of MEK1.  PAK-p21 activated kinase, JNKK- c-
jun N-termal kinase kinase, ERK1/2- extracellular signal related kinase 1/2, JNK- c-jun 
N-termal kinase, SAPK- stress activated protein kinase.  
 
 
It is not surprising that mutations or loss of function in the FcγRs result in severe 
inability to clear infection, an increase in susceptibility to infection, and auto-immune 
disease (Diaz de Stahl et al., 2002; Domingo et al., 2002; Ioan-Facsinay et al., 2002; 
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Smith and Clatworthy, 2010).  If ethanol can inhibit normal FcγR response to stimulus, 
there may be a similar compromised immune response to pathogens as observed 
clinically.   
 
Actin Polymerization 
 
 Actin is a cytoskeletal component expressed by all eukaryotic cells that is 
involved in muscle contraction, cell division and cytokinesis, vesicle and organelle 
movement, cell signaling, establishing and maintaining cell junctions and shape, and 
phagocytosis.  There are three main groups of actin isoforms that exist in vertebrates 
which are termed alpha, beta, and gamma isoforms. Alpha actins are found in muscle 
tissues, and alongside their interaction with myosin, are a major constituent of the 
contractile machinery. The beta and gamma actins exist in most cell types as components 
of the cytoskeleton and as mediators of internal cell motility.  The formation of actin 
filaments from globular-actin (G-actin), or monomeric actin, requires ATP.  The 
hydrolysis of ATP to ADP allows the depolymerization of the actin filament (F-actin), 
freeing monomeric G-actin.  Actin related protein (Arp) 2/3 allows the branching of 
polymerized actin from pre-existing F-actin at 70 angles, and in conjunction with α-
actinin, allows fiber bundling and meshwork formation.  In the context of phagocytosis, 
actin filaments allow the connection of the extracellular pathogen with the intracellular 
machinery of the phagocyte via adhesion complexes.  Polymerized actin has been shown 
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to assemble underneath Ig-opsonized particles and pathogens such as Pseudomonas 
aeruginosa and Borrelia burgdorferi (Caron and Hall, 1998; Cox et al., 1997; Lee et al., 
2000; Linder et al., 2001).  The importance of actin polymerization during phagocytosis 
is emphasized in studies that show blocking F-actin formation with latrunculin A or 
cytochalasin inhibits phagocytosis (de Oliveira and Mantovani, 1988; Malawista et al., 
1971).  Actin, by the control of the small GTPase Rac, is involved in the formation of the 
lamellipodial extensions a phagocyte extends towards a pathogen.  Additionally, 
regulation of actin polymerization by small GTPases, binding of actin to the cellular 
anchoring components, and actinomyosin interactions all contribute to mechanical 
properties or forces required for pathogen ingestion. 
 During FcγR-mediated phagocytosis, conflicting reports describe the importance 
of Syk in actin polymerization during phagocytosis.  Some laboratories report that Syk is 
required for formation of the actin filament cup, or ring that forms at the phagosome 
during FcγR-mediated phagocytosis, whereas others describe normal actin rearrangement 
but a subsequent failure to internalize particles in cells lacking Syk (Cox et al., 1996; 
Crowley et al., 1997; Greenberg et al., 1996).  The differences observed may be a product 
of the various cell lines used, or by the method of removing functional Syk from the cells.  
Arp2/3, a major actin nucleator, has been shown to localize to FcγR- and CR3- 
phagosomes and to be required for particle uptake (Machesky and Gould, 1999; May et 
al., 2000). Wiskott-Aldrich syndrome proteins have been shown to bind to and activate 
Arp2/3 through upstream small GTPase activation (Machesky and Gould, 1999; Rohatgi 
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et al., 1999).  Furthermore, both FcγR- and CR3- phagosomes are accompanied by the 
local recruitment of α-actinin (Allen and Aderem, 1996).  The ability of α-actinin to 
bundle actin filaments and link them to integrins could allow the force generated by the 
actin network to internalize the bound particle (Otto, 1994).  Though this could help 
explain CR3-mediated phagocytosis since these receptors are integrins, there is a lack of 
connection when linking its importance to the Fc-receptors.  Ultimately, independent of 
the type of phagocytosis occurring, proper control and assembly of actin is necessary for 
phagocytosis to proceed normally. 
 
Adhesion Formation 
 
A cell is able to bind to the extracellular environment through receptors on its 
surface.  The ability of the cell to sense and respond to the environment, on a mechanical 
level, occurs through the formation of adhesions.  Adhesions are dynamic protein 
complexes that serve not only as anchors to the extracellular environment by which the 
cytoskeleton can attach to, but also sensors of the extracellular milieu which result in 
modifications in the components of the adhesion.  With this in mind, a diversity of 
adhesions, varying in their composition, dynamics/turnover, and roles are present in all 
cell types.  Proper control of adhesions is critical in execution of cellular functions such 
as migration, cell division, and phagocytosis.  A nascent forming adhesion, or focal 
contact, is often found at the leading edge of lamellipodia.  As the cell migrates in the 
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direction of the lamellipodial extension, the focal contact matures into a focal adhesion.  
This maturation and increase in size is necessary to sustain the intracellular force the cell 
exerts on the adhesion through the actin cytoskeleton.  Other adhesions include 
podosomes and invadopodia which are more often associated with matrix degradation 
and invasion.  These adhesions are more rapidly formed in comparison to focal adhesions 
and are regulated by molecules such as Src kinases and Rac.  Adhesions also play a major 
role in phagocytosis, and are necessary for phagosome formation and internalization of 
the pathogen.  Known adhesion molecules involved in phagocytosis include, but are not 
limited to the adaptor molecule paxillin and the scaffold protein vinculin.  Studies by 
Greenberg et al. showed that paxillin phosphorylation occurs during Fc-receptor 
mediated phagocytosis but is independent on focal adhesion kinase phosphorylation 
(Greenberg et al., 1994).  They also noted that disruption of the actin cytoskeleton using 
cytochalasin D did not effect the phosphorylation of paxillin during this process.  Others 
have supported that paxillin localizes to the phagosome and is phosphorylated in the 
cytoplasmic fraction of the cell during phagocytosis of IgG or complement opsonized 
beads (Allen and Aderem, 1996; Kedzierska et al., 2001).  Vinculin has also been shown 
to localize to the site of Shigella flexneri, FcγR-, and CR3-mediated phagosomes (Allen 
and Aderem, 1996; Kadurugamuwa et al., 1991).  The ability of vinculin to bind to F-
actin and talin, plus its interactions with PI(4,5)P2, make it a critical adhesion molecule 
during phagocytosis.   
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Small GTPase Regulation of Phagocytosis 
 
 The Rho family of small GTPases have been implicated in many cellular 
processes including cytoskeletal remodeling, superoxide production, and phagocytosis 
(Aspenstrom, 1999; Chimini and Chavrier, 2000).  In their active state, GTPases are 
bound to guanosine triphosphate (GTP).  Upon interaction with a GTPase activating 
protein (GAP), the intrinsic GTPase hydrolyzes GTP to guanosine diphosphate (GDP), 
resulting in the inactivation of the small GTPase.  In their inactive state, small GTPases 
can bind to GDP dissociation inhibitors (GDP) which lock the small GTPase in its off 
state.  The GDP bound small GTPase can catalyze GDP to GTP through the interaction 
with a guanine nucleotide exchange factor (GEF) (Figure 6).  Ultimately, these small 
GTPases can elicit cellular function by acting as molecular switches that control cell 
proliferation and migration, apoptosis, gene expression, and phagocytosis.    
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Figure 6: Regulation of small GTPases from inactive to active state.  Rho family of small 
GTPases are “active” when bound to GTP and “inactive” when bound to GDP.  The 
catalysis and hydrolysis of the guanine nucleotide are carried out by binding of the small 
GTPase to GEFs and GAPs, respectively.  In the inactive, GDP bound state, these small 
GTPase can be held in its inactive state by GDIs.  GTP- guanosine triphosphate, GDP- 
guanosine diphosphate, GEF- guanine nucleotide exchange factor, GAP- GTPase 
activating protein, GDI- GDP dissociation inhibitor.  
 
34 
 
                                                                                        
  
 
Though conflicting data have been proposed regarding the type of receptor 
mediated phagocytosis, and the small GTPase used during phagocytosis in the past, Rac 
and Cdc42 are typically associated as the signaling molecules downstream of the FcRs, 
whereas Rho is associated with complement receptor-mediated phagocytosis.  FcγR-
mediated phagocytosis by RAW264.7 and J774.A1, which are tumorigenic macrophage 
cell lines isolated from murine ascites, or FcγRIIA transfected COS cells is inhibited by 
the use of the dominant negative Rac1 or Cdc42 plasmid Rac1N17 or Cdc42 N17, 
respectively (Caron and Hall, 1998; Cox et al., 1997).  This effect was also observed 
using IgE-opsonized particles and measuring RBL-2H3 mast cell phagocytosis after 
inhibition of Rac or Cdc42 (Massol et al., 1998).  Studies have also revealed that 
clustering of constitutively active Cdc42 or Rac1 leads to actin rearrangement, membrane 
ruffling, and particle engulfment (Castellano et al., 2000; Castellano et al., 1999).  
Moreover, FcγR-mediated phagocytosis has been shown to activate Rac in J774A.1 
macrophages, Cdc42 in RAW264.7 macrophages, and both Rac and Cdc42 in FcγR-
transfected COS cells (Kant et al., 2002; Niedergang et al., 2003; Patel et al., 2002).  
Downstream of this receptor, these small GTPases are activated independently of each 
other via the Rac GEF Vav and an unknown Cdc42 exchange factor 8, respectively (Patel 
et al., 2002). Rho appears not to be required for FcγR-mediated phagocytosis (Caron and 
Hall, 1998; May et al., 2000; May and Machesky, 2001), although one study noted that 
microinjection of J774 macrophages with the Rho inhibitor C3 ablated FcγR-mediated 
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Ca2+ signaling and phagocytosis, as well as actin polymerization to the phagosome 
(Hackam et al., 1997).  In conflict with this last study, a group showed that bone marrow 
derived macrophages treated with C3 resulted in a decrease in FcγR-mediated 
phagocytosis but no alteration in actin polymerization to the phagosome (Hall et al., 
2006).  A commonality between all studies though, is that small GTPases are necessary 
for phagocytosis to occur, a mechanism that is conserved among multiple species.   
 Non-eukaryotic cells have also shown the importance of Rac during phagocytosis.  
Over-expression of RacC leads to a 3-fold increase in phagocytosis of latex beads but 
decreased fluid-phase endocytosis and exocytosis by Dictyostelium discoideum, 
emphasizing the different mechanisms involved in phagocytosis compared to endocytosis 
(Seastone et al., 1998).  Additionally, transfection of Dictyostelium with GFP-RacF1 
induced transient localization of RacF1 with nascent phagosomes during phagocytosis of 
TRITC labeled Saccharomyces cerevisiae cells (Rivero et al., 1999).  Finally, the Rac 
homologue CED-10 in Caenorhabditis (C.) elegans is essential for the phagocytosis, or 
removal, of apoptotic cells (Reddien and Horvitz, 2000).  Independent of the type of 
small GTPase activated during phagocytosis, this pathway seems to be utilized in 
eukaryotic and non-eukaryotic cells. 
  The control of complement receptor-mediated phagocytosis is not as clear 
as FcγR-mediated phagocytosis.  As previously mentioned, the small GTPases Rac and 
Cdc42 have been shown not to be required for complement receptor mediated 
phagocytosis, but rather is controlled by Rho (Caron and Hall, 1998).  The importance of 
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Rho in controlling mechanisms downstream of complement receptor-mediated 
phagocytosis was revealed with the use of C3, a Rho inhibitor.  J774.A1 macrophages 
treated with C3 prior to phagocytosis of CR3-opsonized beads had a loss of actin and 
Arp2/3 recruitment to the phagosome, whereas dominant negative Rac and Cdc42 
transfected macrophages did not show a loss of either actin or Arp2/3 during CR3-
mediated phagocytosis (May et al., 2000).  The variant morphology of actin assembly at 
CR3-mediated phagosomes compared with FcγR-mediated phagocytosis may partially 
explain the differences in the utilization of the small GTPases (Caron and Hall, 1998).  
Interestingly, bone marrow-derived macrophages that are deficient for Rac1/2 show 
suppressed FcγR-mediated phagocytosis as expected, but also exhibited ablated C3bi-
opsonized red blood cell phagocytosis (Hall et al., 2006).  This group also reported a C3-
mediated suppression in FcγR-mediated phagocytosis which conflicts with most 
published literature on FcγR-mediated phagocytosis.  To make things more complicated, 
bone marrow-derived macrophages that are deficient for Vav1/3 resulted in loss of C3bi-
mediated phagocytosis which was rescued by transfecting a constitutively active Rac 
vector (Hall et al., 2006).   
 Though there is little doubt that the Rho family of small GTPases play a major 
role in phagocytosis, there is conflicting data in describing which small GTPase is the 
dominant player in the various types of phagocytosis.  In order to accommodate this, this 
study, focusing on only FcγR-mediated phagocytosis, will evaluate the role of both Rac 
and Rho in a model of ethanol induced suppression of phagocytosis.   
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Ethanol Mediated Macrophage Dysfunction 
 
 Both in vivo and in vitro studies have shown that acute exposure to ethanol 
inhibits the production of proinflammatory cytokines in response to a variety of microbial 
PAMPs.  In vitro treatment of human blood monocytes with 25 mM of ethanol resulted in  
decreased induction of TNF-α and IL-1β following stimulation by either Gram-positive 
staphylococcal enterotoxin B or Gram-negative LPS (Szabo et al., 1996; Verma et al., 
1993). In contrast, these cells produced increased levels of transforming growth factor 
(TGF)-β and IL-10, cytokines associated with immunoinhibitory potential (Szabo et al., 
1996).  Different species, including rats and mice exhibit a similar effect after acute 
ethanol exposure.  Prior to neutrophil recruitment, bronchoalveolar lavage (BAL) fluid 
from Streptococcus pneumoniae infected lungs of rats had decreased macrophage 
inflammatory protein-2 (MIP-2) and cytokine-induced neutrophil chemoattractant 
(CINC) in ethanol exposed animals compared to rats not previously exposed to ethanol 
(Boe et al., 2001).  Additionally, ethanol exposure at a dose 5.5 g/kg resulted in 
suppressed MIP-2, CINC, and TNF-α response in the blood during LPS-induced 
endotoxemia (Zhang et al., 2002).  In a mouse model of acute ethanol exposure, 
administration of 2.9 g/kg ethanol was sufficient to suppress LPS, peptidiglycan, and 
microbial unmethylated DNA-stimulated TNF-α and IL-6 synthesis by splenic 
macrophages (Goral and Kovacs, 2005; Pruett et al., 2004b).  These findings were 
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explained by a decrease in the phosphorylation of ERK1/2 and p38 following LPS 
stimulation in the splenic macrophages isolated from ethanol exposed mice (Goral et al., 
2004).  Mice receiving an intraperitoneal (i.p.) administration of viable Escherichia coli 
followed by 6 g/kg of ethanol exhibited attenuated levels of serum and peritoneal IL-6 
and exacerbated levels of IL-10 (Pruett et al., 2004a).  This study also showed that 
exposure to this dose of ethanol resulted in a decrease of IL-6 from i.p. injected flagellin 
or intravenous LPS as well as decreased IL-12 levels following i.p. CpG DNA, flagellin, 
R848, zymosan and LPS given i.p. or i.v.  Furthermore, measurement of cytokines in 
peritoneal lavage fluid showed an ethanol-induced decrease in IL-6 production following 
only LPS stimulation, but not flagellin exposure (Pruett et al., 2004a).  These data suggest 
that ethanol suppresses pathways activated downstream of TLR2/6 (zymosan), TLR4 
(LPS), TLR5 (flagellin), TLR7 (R-848), and TLR9 (CpG DNA).  Activation of multiple 
PRR pathways, following the use of live bacteria, cannot compensate for the known 
receptor pathways that are affected following ethanol exposure.  Interestingly, acute 
ethanol exposure does not always result in a similar effect as chronic ethanol exposure. 
 A good example of the proinflammatory effect of chronic ethanol exposure comes 
in the study of alcoholic liver disease.  The result of hepatic injury followed by chronic 
inflammation is hallmarked by the presence of fibrosis. Kupffer cells, the resident 
macrophages of the liver, are a major source of inflammatory mediators, including TNF-
α and reactive oxygen species, and are involved in promoting cell death, inflammation, 
and fibrosis of the liver (Hines and Wheeler, 2004; Nagy, 2003).  Under normal 
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conditions, endotoxin does not penetrate the intestinal epithelium, however, excessive 
ethanol consumption disrupts the epithelial barrier, allowing for bacterial translocation 
from the lumen into the underlying tissue and blood stream (Rao et al., 2004).  Once in 
the circulation, the bacterial products, such as endotoxin, affect multiple organ systems, 
including the liver (Fukui et al., 1991).  In response to circulating LPS, Kupffer cells 
secrete TNF-α, IL-1β, IL-6, and chemokines which ultimately can increase vascular 
permeability of hepatic sinusoids and recruit more lymphoid cells to the liver (Hines and 
Wheeler, 2004; Nagy, 2003).  Chronic ethanol exposure further increases Kupffer cell 
TNF-α production and sensitizes hepatocytes to damage by TNF-α, ultimately increasing 
susceptibility to infection (Hines and Wheeler, 2004; Kishore et al., 2002).  Because 
ethanol abuse is linked to more severe viral infection, and viral infection is known to 
serve as a cofactor in the development of liver fibrosis, it is not surprising chronic ethanol 
exposure results in an increased inflammatory and fibrotic state in the liver (Regev and 
Schiff, 1999).   
  
 The recognition, phagocytosis, and degradation of a pathogen are necessary for 
normal clearance of an infection.  Dysregulation in these processes, such as seen after 
ethanol exposure, can be detrimental to the host defense (Table 1).  Studies from the 
early 1960’s and 1970’s have shown immunomodulatory effects of ethanol on bacterial 
clearance (Auerbach-Rubin and Ottolenghi-Nightingale, 1971; Laurenzi et al., 1963).  
Studies by Morland's group describe that 6 and 24 hour in vitro ethanol exposure of 
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human monocytes have a decreased ability to phagocytose IgG opsonized erythrocytes 
compared to monocytes not exposed to ethanol (Morland and Morland, 1984; Preus et al., 
1987).  The lowest dose that yielded modest but significant suppression after ethanol 
exposure was 28 mM.  Their study included doses of ethanol ranging from 14 to 220 
mM.  Their lowest 14 mM dose did not suppress monocytes ability to phagocytose IgG 
coated erythrocytes compared to cells not exposed to ethanol, whereas the highest dose 
resulted in a 65% suppression of FcγR-mediated phagocytosis.  Rimland’s group showed 
that rabbit alveolar macrophages exposed to ethanol are not only less capable of 
phagocytosing latex beads and radiolabeled Staphylococcus (S.) aureus, but are less 
efficient in destroying the bacteria once internalized (Rimland and Hand, 1980).  In the 
1990’s, Zuiable’s group showed that human blood monocytes exposed to 100, 200, or 
300 mg/dl ethanol in vitro for as little as 1 hour and out to 1 day exhibited decreased 
phagocytosis and killing of non-opsonized Candida (C.) albicans (Zuiable et al., 1992).  
Additionally, treating monocytes with 100 mg/dl of ethanol initially resulted in 
exacerbated phagocytosis of C. albicans by day 7 compared to monocytes not exposed to 
ethanol.  Interestingly, replenishing the media every day with fresh ethanol, up to day 7, 
resulted in suppression of C. albicans phagocytosis by the monocytes.  These data 
suggest that there may be a compensatory mechanism to ethanol that allows an increase 
in phagocytosis at later time points and supports the view that ethanol effects on 
immunomodulation are time dependent.   In parallel to measuring the effect of ethanol on 
yeast phagocytosis, Zuiable's group also measured human monocytes ability to 
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phagocytose IgG opsonized erythrocytes.  In contrast to the suppressed phagocytosis that 
occurs with yeast after 1 hour and 1 day, the phagocytosis of IgG coated erythrocytes was 
only suppressed after 1 hour of 100, 200, or 300 mg/dl of ethanol. There was no effect of 
ethanol on FcγR-mediated phagocytosis after 1 or 7 days of ethanol exposure suggesting 
a receptor specific sensitivity to ethanol manipulation.  More recently, a study showed 
mice receiving four consecutive days of 4.5 mg/kg ethanol intragastrically resulted in 
impaired ex vivo peritoneal macrophage phagocytosis of FITC-expressing Leishmania 
promastigotes 24 hours after the last exposure of ethanol (Andrade et al., 2009).   
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Acute Exposure to Ethanol Chronic Exposure to Ethanol 
Phagocytosis 
↓  Alveolar macrophages   
(Rimland and Hand, 1980) 
↓  Splenic macrophages  
↓  Peritoneal macrophages 
(Andrade et al., 2009) 
↓  Monocytes (Morland and 
Morland, 1984; Zuiable et al., 
1992) 
↓ Circulating PMN (Zhang et al., 
1997) 
   ↑ Liver PMN (LPS stimulated) 
(Spitzer and Zhang, 1996) 
   ↑ Kupffer cells (LPS stimulated) 
(Spitzer and Zhang, 1996) 
↓ Kupffer cells (Bautista, 
2002; Messner et al., 1993; 
Shiratori et al., 1989) 
 ↓ Alveolar macrophages 
(Brown et al., 2004; Joshi 
et al., 2005) 
  ↑ Splenic macrophages 
(Shiratori et al., 1989) 
↓ Microglia (Aroor and 
Baker, 1998) 
Phagocytic receptor 
expression 
   ↓ CD11b/c and CD18 in 
pulmonary    PMN (Zhang et al., 
1997) 
  ↓ β2 integrin in hepatic 
macrophages (Morio et al., 
2000) 
Lysosomal vesicle 
conformation 
   ↓ H2O2 in alveolar PMN and 
macrophages (Zhang et al., 1997) 
   ↓ Superoxide in Kupffer cells 
(Bautista and Elliott, 1994) 
   ↑ Superoxide in blood PMN 
(Bautista and Elliott, 1994) 
  ↑ H2O2 (Bautista, 2002) 
  ↓ GSH in alveolar 
macrophages (Brown et al., 
2007) 
  ↑ Superoxide in alveolar 
macrophages (Morio et al., 
2000) 
Allostimulatory 
potential 
   ↓ CD80 and CD86 in monocyte 
derived DCs (Mandrekar et al., 
2004; Zhu et al., 2004) 
  ↑ CD80 and CD86 in 
CD11b+ splenocytes (Zhu et 
al., 2004) 
 
Table 1:  Acute and chronic ethanol exposure affects phagocytosis, molecules that 
facilitate phagocytosis, and subsequent functions downstream of phagocytosis in 
macrophages and polymorphonuclear (PMN) cells.   
 
43 
 
                                                                                        
  
 Similar to the suppressive effects seen in acute ethanol exposure on phagocytosis, 
chronic ethanol exposure attenuates macrophage phagocytosis.  Suppression of 
chemotaxis, Escherichia (E.) coli phagocytosis and f-met-leu-phe-induced superoxide 
anion production was observed in Kupffer cells isolated from rats exposed to chronic 
ethanol ingestion (Bautista, 2002).  Furthermore, studies in the late 1980’s showed in vivo 
phagocytosis of latex beads by Kupffer cells was decreased in rats chronically fed ethanol 
compared to animals not exposed to ethanol in their diet (Shiratori et al., 1989).  In 
contrast, these studies also revealed an increase in splenic macrophage phagocytosis of 
injected latex beads after chronic ethanol exposure compared to splenic macrophages of 
saline exposed rats.  Other organs, such as the lungs have shown sensitivity to chronic 
ethanol exposure.  Specifically, a decrease in alveolar macrophage phagocytosis of 
microorganisms and a subsequent increased risk of pneumonia was observed in rats 
chronically fed exposed to ethanol (Brown et al., 2004).  The addition of glutathione 
precursors to the diet restored alveolar macrophage function and decreased sensitivity to 
endotoxemia-induced acute lung injury.  Other studies showed attenuation in the 
membrane expression of the GM-CSF receptor is the cause for decreased alveolar 
macrophage phagocytosis (Joshi et al., 2005).  In parallel, ethanol ingestion reduced 
cellular expression and nuclear binding of PU.1, the master transcription factor that 
activates GM-CSF-dependent macrophage functions (Joshi et al., 2005).  Ultimately, 
treatment of ethanol-fed rats with recombinant GM-CSF restored GM-CSF receptor 
expression at the surface of alveolar macrophages, as well as PU.1 protein expression and 
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nuclear binding in these cells.  In the context of the central nervous system, ethanol 
exposed microglia had decreased phagocytosis of opsonized E. coli.  Additionally, 
ethanol treatment also suppressed phorbol-12 myristate-13 acetate-stimulated superoxide 
anion production, implying not only a decreased ability to uptake a pathogen, but also an 
inability to destroy the pathogen intracellularly (Aroor and Baker, 1998). 
 Receptor-mediated phagocytosis is also impaired after chronic ethanol exposure.  
Chronic ingestion of ethanol was shown to be associated with a decrease in complement-
mediated clearance of opsonized erythrocytes (Messner et al., 1993).  Uptake of apoptotic 
cells, via the asialoglycoprotein receptor, was impaired in cells obtained from ethanol-fed 
animals, indicating that ethanol may decrease the ability to clear apoptotic cells in the 
liver (McVicker et al., 2002).   
The consensus of data reported give evidence that phagocytosis is impaired in 
macrophages exposed to acute ethanol exposure as well as macrophages isolated from 
chronic ethanol treated animal models.  It is interesting to note that the dichotomy 
between acute and chronic ethanol exposure and the attenuated versus augmented 
proinflammatory response, respectively, is not observed with phagocytosis.  Both acute 
and chronic ethanol exposures typically decrease phagocytosis, and the current task is to 
elucidate the mechanisms by which the alcohol is having this effect.   
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Objective 
 
 The immunomodulatory affects of ethanol on macrophages are dependent on the 
tissue examined, and the dose and timing of exposure to ethanol.  The literature has 
provided evidence that TLR ligand induced cytokine production by macrophages is 
suppressed after acute ethanol exposure, but enhanced after chronic ethanol exposure.  In 
contrast, though most studies show a suppressive effect of ethanol on macrophage 
phagocytosis, these observations may be dependent on the tissue the macrophage was 
isolated from, rather than the dose of ethanol given.   
The focus of this study is on the effects of acute in vivo and in vitro ethanol 
exposure on macrophage function. This research will expand the current understanding of 
how in vivo dose and time of ethanol exposure suppresses release of cytokines in 
response to the TLR4 agonist lipopolysaccharide or E. coli.  Additionally, this study will 
examine the phagocytic potential of alveolar macrophages isolated from mice exposed to 
ethanol, comparing them to alveolar macrophages from control, saline exposed, mice 
(Figure 7).  These studies will be paralleled by in vitro exposure of the RAW264.7 
macrophage cell line in order to elucidate the mechanisms by which acute ethanol 
exposure suppresses phagocytosis.  To understand the direct effects of ethanol on a 
phagocytic receptor pathway, we chose to focus this study on the FcγR-mediated 
pathway.  The three main mechanisms of phagocytosis, which will be examined, include 
polymerization of actin, adhesion formation, and small GTPase Rac and Rho activity.   
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Figure 7: Downstream effects of ethanol on FcγR-mediated signaling.  This dissertation 
will further the current knowledge of ethanol effects on immune signaling (Dark blue 
lightning) focusing on adhesion, cytoskeletal, and small GTPase aspects of FcγR-
mediated phagocytosis (Maroon lightning).  LIMK-LIM domain kinase, FAK-Focal 
adhesion kinase, ROCK-Rho kinase, PAK-p21 activated kinase, ERK-Extracellular 
signal related kinase, FcγR-Fcγ receptor. 
FcγR 
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CHAPTER III 
ACUTE ETHANOL EXPOSURE ATTENUATES PATTERN RECOGNITION 
RECEPTOR ACTIVATED MACROPHAGE CYTOKINE RELEASE  
 
ABSTRACT 
 
Both clinical and experimental data have linked acute ethanol exposure to 
increased susceptibility to infection as well as increased morbidity and mortality after 
injury.  Macrophages play an integral role in the innate immune system and are important 
in priming the adaptive immune system.  The focus of this study was to investigate the 
effect of a single in vivo exposure of macrophages to physiologically relevant levels of 
ethanol (1.2 and 2.2 g/kg) followed by ex vivo stimulation with lipopolysaccharide (LPS) 
or bacteria.   This study confirms the work of others showing that a single administration 
of ethanol suppresses the production of TNF-α, IL-6, and IL-12 in response to LPS.  
There was no effect of ethanol on LPS induction of cytokine production at 30 minutes 
post treatment.  In contrast, at 3 hours, both doses of ethanol exposure decreased ex vivo 
TNF-α production by splenic adherent cells and alveolar macrophages.  Interestingly, the 
higher dose of ethanol resulted in sustained suppression of LPS-induced TNF-α 
production at 3 and 6 hours post ethanol administration, as well as decreased IL-6 and IL-
12 production after 6 hours, as compared to saline control treated groups.  Alveolar 
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macrophages behaved similarly at 3 hours after ethanol treatment.  LPS 
stimulated production of TNF-α and IL-6 was reduced at 3 hours after ethanol 
administration, compared to the saline treated animals.  Alveolar macrophages stimulated 
for 3 hours with bacteria also showed decreased TNF-α and IL-6 production after 
harvested from mice given 2.2 g/kg ethanol for 3 hours.  Taken together, we conclude 
that the effects of physiological levels of ethanol are dose dependent, have effects that 
last after clearance of the ethanol from circulation, and are appearent in various primary 
macrophage populations stimulated with whole bacteria or the bacterial endotoxin, LPS.   
 
INTRODUCTION 
 
Acute and chronic alcohol (ethanol) consumption has been associated with a 
weakened immune response often resulting in increased susceptibility to bacterial or viral 
infection (Cook, 1998; Nelson and Kolls, 2002).  Though independent of the duration of 
alcohol consumed, evidence has shown that there are immunomodulatory effects seen in 
response to alcohol (Nelson and Kolls, 2002; Szabo, 1999).  Both acute and chronic 
ethanol exposure have been linked to increased complications in trauma and burn patients 
(Faunce et al., 1997; Germann et al., 1997; Messingham et al., 2002), and greater 
morbidity and mortality following infections (Khan and Yatsuhashi, 2000; Nolan, 1965; 
Ruiz et al., 1999).  Interestingly, the effects of ethanol are known to occur even after it 
has cleared the system (Wiese et al., 2000). 
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 Chronic ethanol exposure has been associated with modifying cells linked with 
the adaptive arm of the immune system, including T- and B-cells (Cook, 1998; Cook et 
al., 1995; Song et al., 2001).  Increased proinflammatory cytokine levels in the liver and 
circulation have also been measured in subjects with chronic ethanol exposure (Cook, 
1998; Deviere et al., 1989; Khoruts et al., 1991; Kishore et al., 2002).  In contrast, acute 
ethanol exposure reduces proinflammatory cytokine synthesis in response to a pathogenic 
stimulus and is often studied for its effects on the innate immune system (Boe et al., 
2001; Nelson et al., 1989b; Szabo, 1998; Szabo et al., 1996; Verma et al., 1993).  This 
can result in decreased activation of macrophages and other antigen presenting cells by 
suppressing their response to a pathogen, antigen presentation, along with additional 
functions, such as phagocytosis (Boe et al., 2001; Girouard et al., 1998; Peterson et al., 
1998; Szabo, 1998; Waltenbaugh and Peterson, 1997).  Evidence suggests that acute 
ethanol exposure exhibits its suppressive effects by abrogating mitogen activated protein 
kinase (MAPK) activation, specifically p38 and ERK1/2 phosphorylation (Drechsler et 
al., 2006; Goral et al., 2004; Goral and Kovacs, 2005).  Because MAPKs are involved in 
multiple cellular functions, one could hypothesize that multiple functions are affected by 
acute ethanol exposure. 
 This report investigates multiple resident macrophage populations and their 
ability to respond to pattern recognition receptor (PRR) stimulation after acute ethanol 
exposure.  PRRs are immune receptors that recognize microbe specific pathogen 
associated molecular patterns (PAMPs).  Commonly studied examples of PRRs on 
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macrophages includes the Toll-like receptors (TLRs).  These receptors, such as the 
activation of TLR-4 by LPS, activate MAP kinases and ultimately a proinflammatory 
response.  Specifically, we show that acute ethanol exposure inhibits both splenic 
adherent cell and alveolar macrophage proinflammatory cytokine release in response to 
LPS stimulation.  We conclude that acute ethanol exposure can suppress multiple 
macrophage populations and these effects are dose dependent.   
 
MATERIALS AND METHODS 
 
Animals 
Eight to ten week old, male C57BL/6 mice (Harlan) were used in all experiments. 
Mice were acclimated for 1 week upon arrival at the animal facilities of Loyola 
University Medical Center (Maywood, IL). The studies described were performed in 
accordance with the guidelines established by the Loyola University Chicago Institutional 
Animal Care and Use Committee. 
 
Ethanol administration 
Mice were randomly divided into two groups. One group, the control group, was 
given either 100 µl or 300 µl of saline intraperitoneally (i.p.). The second group, the 
experimental group, was given a single i.p. injection of 1.2 or 2.2 g/kg body weight of 
ethanol (100 or 300 µl of 20% v/v ethanol in saline). These doses are equivalent to 2 
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drinks for the moderate dose and 3-4 drinks at the higher dose; quantities of alcohol that 
are commonly consumed in humans.  As previously described, these doses resulted in 
blood ethanol levels of ~100 or ~300 mg/dl at 30 minutes after administration, 
respectively (Messingham et al., 2000). This was the peak blood alcohol concentration 
observed for these animals.  At this time point, mice were lethargic and displayed poor 
balance and motor coordination at the higher dose but not at the moderate dose. Three 
hours after exposure to ethanol, the behavior of ethanol-treated mice returned to normal, 
and ethanol is no longer present in their circulation. Ethanol levels were measured in 
blood plasma with NAD-alcohol dehydrogenase assay (Sigma-Aldrich, MO), as 
previously described (Seitz and Stickel, 2007).  In the blood ethanol assay, the non-
specific background values in the saline-treated mice were subtracted from the values 
determined in the ethanol-treated mice.  Previous studies from this laboratory 
demonstrated that i.p. administration of ethanol did not result in the local inflammation 
because the percentages of macrophages and neutrophils, collected by peritoneal lavage 3 
hours after the treatment, were similar between control and ethanol-treated mice (Deviere 
et al., 1989). 
 
Cell isolation and culture  
Mice were sacrificed at 0.5, 1, 1.5, 3, and 6 hours after ethanol or saline exposure. 
Adherent splenocytes were obtained from spleen cell suspensions by plastic adherence as 
previously described (Goral et al., 2004). Briefly, spleen cells were plated in 200 µl 
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RPMI 1640 medium supplemented with 5% FBS, 2 mM glutamine, penicillin (100 U/ml) 
and streptomycin (100 µg/ml) (Invitrogen Life Technologies, California). After 2 hour 
incubation, non-adherent cells were removed by washing three times with warm medium. 
Though this method was originally described as ~98% positive for Mac-3 and di-I-
acetylated low density lipoprotein uptake by this laboratory, more recent characterization 
of these adherent cells reveals about 40% of adherent splenocytes express CD11c or 
F4/80+ staining (Kovacs laboratory, unpublished results) (Goral et al., 2004). Alveolar 
macrophages were isolated by eight sequential 800 µl bronchoalveolar lavages (BAL) 
after they were sacrificed.  Roughly 600 µl of collected BAL fluid and cell suspension 
was isolated per lavage, for a total of ~5 ml of total BAL fluid.  The total BAL fluid was 
then spun down and characterized as ~85% alveolar macrophage by F4/80 staining and 
flow cytometry.  2 x 105 cells were plated in 200 µl RPMI 1640 medium supplemented 
with 5% FBS, 2 mM glutamine, penicillin (100 U/ml) and streptomycin (100 µg/ml).  
Similar to the splenic macrophage plating protocol, alveolar macrophages were incubated 
for 2 hours and non-adherent cells were removed by washing three times with warm 
medium.  Purified macrophages were cultured for 16 hours in RPMI 1640 supplemented 
with 5% FBS overnight with or without endotoxin (LPS; Escherichia (E.) coli O111:B4 
(100 ng/ml; Sigma-Aldrich, MO).  In the absence of stimulation, macrophage cytokine 
levels were undetectable (data not shown).  Bacterial activation of alveolar macrophages 
was accomplished by incubating the macrophages for 3 hours with E. coli (K12 strain 
kindly provided from Dr. Shankar, Burn Shock Trauma Institute, Loyola University 
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Medical Center, Chicago, IL) in RPMI supplemented with 5% FBS.  Supernatants were 
collected after 3 or 16 hours, prior to cytokine analysis, and stored at -80ºC. 
 
Measurement of TNF-α, IL-6, and IL-12. 
The concentrations of TNF-α, IL-6, and IL-12 in macrophage supernatants were 
measured by commercially available OptEIATM ELISA kits (BD Pharmingen, San Diego, 
CA), according to the manufacturer instructions, as previously described (Corinti et al., 
2003).  The lowest detectable limit of these kits are 15.6 pg/ml.  Data are expressed as 
pg/ml.   
 
Statistical analysis 
Data are expressed as mean ± SEM of each group.  SEM was chosen because it 
takes into account sample size.  Data were analyzed by Student’s t-test or ANOVA, 
followed by post hoc Tukey test using Instat 3 (Graphpad; La Jolla, CA). A value of p 
≤0.05 was considered significant. 
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RESULTS 
 
Blood alcohol concentration of mice given a single 2.2 g/kg ethanol dose 
 
 The Kovacs laboratory has previously performed studies utilizing an acute 
treatment of 2.9 g/kg dose of ethanol intoxication to show attenuated proinflammatory 
responses to various Toll-like receptor (TLR) activators after 3 hours (Goral et al., 2004; 
Goral and Kovacs, 2005).  In the present study, initial experiments began by exposing 
mice to 1.2 or 2.2 g/kg of ethanol to analyze the effect of various doses of ethanol on 
cytokine production.  In order to understand the how BAC levels and ethanol-induced 
cytokine release correlated with each other BAC was measured at 0.5, 1, 1.5, 3, and 6 
hours after i.p. injection.  BAC was maximal, in this study, at 0.5 hours after treatment 
reaching levels of 300 mg/dl.  Thirty minutes and 1 hour later, the BAC dropped to about 
250 mg/dl, but was still 5 times above the saline control levels (p<0.05).  BAC reached 
base line levels after 3 hours (Figure 8).  Using a lower dose of 1.2 g/kg, we noted a 
BAC at 30 minutes of 135 mg/dl, which returned to control levels by the 3 hours. 
  55 
 
                                                                                                                                                                                                                       
                   
 
 
 
Figure 8: Blood alcohol concentration (BAC) following intraperitoneal injection of 
ethanol.   BAC was measured 0.5, 3, or 6 hours after 1.2 g/kg (striped bars), or 0.5, 1, 1.5, 
3, and 6 hours after 2.2 g/kg (filled bars) intraperitoneal injection of 20% ethanol.  Mice 
injected with saline for all time points were used as control.  ND = not determined. 
Results shown as mean BAC of three separate experiments ± SEM. N=3-6 animals per 
experiment. *p < 0.001 from 3 or 6 hours, #p<0.05 from all other groups by Tukey-
Kramer Multiple Comparisons Test following ANOVA, F = 51.764.  
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Time course of impaired proinflammatory response after acute ethanol exposure 
 
 To understand the temporal effects of two clinically relevant doses of ethanol on 
adherent splenocyte production of proinflammatory cytokines, we treated mice treated 
with either 1.2 or 2.2 g/kg ethanol or saline control, and obtained splenic macrophages at 
0.5, 3, and 6 hours after treatment.  Cells were stimulated with lipopolysaccharide (LPS) 
(100 ng/ml) for 16 hours in vitro, after which supernatants were collected for cytokine 
assay (Figure 9).  After 30 minutes of ethanol exposure, adherent splenocytes isolated 
from either the moderate (1.2 g/kg) or the high (2.2 g/kg) dose ethanol showed no 
differences in TNF-α, IL-6, or IL-12 production compared to saline controls (Figure 
7A).  Three hours after ethanol exposure, both the moderate and high dose of ethanol 
caused decreases in ex vivo LPS-induction of TNF-α production, compared to control 
levels (p<0.05).  LPS-stimulation of TNF-α production by these cells isolated from the 
moderate dose group returned to normal levels by 6 hours.  This contrasted the high dose 
group, in which LPS activation of TNF-α was still suppressed after 6 hours (p<0.05).  
LPS induction of IL-6 production showed similar patterns as the TNF-α (Figure 9B).  In 
vivo exposure to the moderate ethanol dose did not show any effect on the production of 
IL-12 following in vitro stimulation at 30 minutes, 3, or 6 hours after ethanol 
administration (Figure 9C).  The high dose of ethanol did not alter LPS-stimulation of 
IL-12 production at either of the early time points examined, but did show a decrease 
after 6 hours (p<0.05).  In the present study, cytokine production was not measured after 
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6 hours post treatment, but there is evidence from previous work that the effect seen with 
a higher dose of 2.9 g/kg ethanol suppresses IL-6 production at 24 hours post ethanol 
exposure (Goral et al., 2004; Goral and Kovacs, 2005). 
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Figure 9: Proinflammatory cytokine production measured after LPS stimulation of 
splenic macrophages.  Spleens were harvested at 0.5, 3, and 6 hours after a single dose of 
ethanol at either 1.2 g/kg (shaded), 2.2 g/kg (filled), or saline (open) as a control.  Splenic 
macrophages were purified as described in the materials and methods, and stimulated 
with LPS (100 ng/ml) for 16 hours.  TNF-α (A), IL-6 (B), and IL-12 (C) were measured 
by ELISA.  Open bars represent saline group, shaded bars represent treatment with 1.2 
g/kg ethanol, and filled bars represent treatment with 2.2 g/kg ethanol. *p < 0.05 from 
saline control group measured by Student's t-test. n=3-6 animals.   
 
 
 
Alveolar macrophage cytokine suppression by acute in vivo ethanol exposure 
 
 Pulmonary infection exacerbated by ethanol exposure is a serious clinical 
problem.  Therefore, in order to test macrophages from a tissue that is more clinically 
susceptible to repeated infection, we measured proinflammatory cytokine production by 
alveolar macrophages isolated from the lung.  Because alveolar macrophages are not 
directly exposed to the ethanol in the circulation, only the high dose of ethanol was used 
when measuring the release of cytokines in response to a stimulus.  As described above, 
alveolar macrophages were isolated by bronchoalveolar lavage (BAL) from ethanol and 
saline exposed mice.  Cells were stimulated with LPS (100 ng/ml) for 16 hours (Figure 
10, repeat Figure S3).  LPS stimulation of alveolar macrophages resulted in robust 
proinflammatory cytokine production after 16 hours, whereas in the absence of 
stimulation, cytokine concentrations were below the level of detection of the assay kit.  
LPS-induced production of both TNF-α and IL-6 by alveolar macrophages isolated from 
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mice 3 hours after they received a single administration of 2.2 g/kg of ethanol, was 
attenuated compared to the cytokine production from the macrophages of saline treated 
mice.  The ethanol-mediated suppression of cytokine production observed with the 
alveolar macrophages parallel the results found in the splenic macrophages isolated from 
ethanol treated mice.                                
 
Figure 10:  TNF-α and IL-6 production by ethanol exposed alveolar macrophages 
stimulated with LPS for 16 hours.  Macrophages were obtained from mice treated with 
either 2.2 g/kg ethanol or saline control.  Alveolar macrophages were obtained by 
bronchoalveolar lavage as described in the materials and methods, three hours after 
ethanol exposure.  Cells were cultured with LPS (100 ng/ml) for 16 hours and 
supernatant cytokines were measured by ELISA.  *p < 0.05 compared to saline, measured 
by Students t-test. n=5-6 animals per group.  
* 
* 
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ol 
Saline Ethanol
ol 
  61 
 
                                                                                                                                                                                                                       
                   
Cytokine release after exposure to bacteria is reduced following acute ethanol exposure 
 
 LPS is a single pathogen associated molecular pattern molecule (PAMP) that 
activates a unique receptor, TLR4.  Bacterial surfaces, on the other hand have numerous 
PAMPs that can stimulate multiple PRRs.  Therefore, in order to model a typical 
interaction between an alveolar macrophage and invading bacterium, we stimulated 
alveolar macrophages with E. coli at the ratio of 10 bacteria per cell.  We also chose E. 
coli as the bacteria, because the LPS used above was purified from E. coli.  Again, 
alveolar macrophages were obtained by BAL of mice given either saline or ethanol (2.2 
g/kg) 3 hours prior to isolation.  Cells were cultured with the bacteria for 3 hours and 
supernatants were collected for TNF-α and IL-6 by ELISA (Figure 11, repeat Table 
S1).  As expected, bacterial stimulation of the alveolar macrophages from the saline 
group of mice resulted in a robust TNF-α and IL-6 production.  Macrophages obtained 
from the lungs of ethanol treated mice produced lower levels of these cytokines relative 
to the macrophages isolated from the saline exposed groups.  Both TNF-α and IL-6 levels 
measured in the supernatants of these bacteria-stimulated macrophages were reduced by 
21% and 26%, respectively, at this early time point (p<0.05).  Longer exposure to the 
bacteria was not measured due to over proliferation of bacteria in the culture dishes. 
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Figure 11:  Cytokine production of E. coli stimulated alveolar macrophages. Alveolar 
macrophages obtained from mice after 3 hours of ethanol (2.2 g/kg) or saline exposure. 
Cells were stimulated with 10 E. coli per cell for 3 hours in vitro.  Supernatants were 
collected and measured for TNF-α and IL-6 by ELISA.  Data are representative of two 
independent experiments. *p<0.05 from saline controls as measured by Student's t-test. 
n=3-4 animals per group. 
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DISCUSSION 
 
 Many risk factors are involved after acute and chronic alcohol consumption, 
affecting numerous host systems, including the nervous, cardiovascular, and immune 
systems (Haddad, 2004; Ponnappa and Rubin, 2000).  Typically, acute exposure to 
ethanol is associated with attenuation or dampening of the inflammatory response.  
Studies have shown decreases in the production of TNF-α, IL-1β, and IL-6 by cells 
including, but not limited to, neutrophils and macrophages after in vivo or in vitro ethanol 
exposure (Boe et al., 2001; Goral et al., 2004; Goral and Kovacs, 2005; Nelson et al., 
1989b; Szabo, 1998; Szabo et al., 1996; Verma et al., 1993).  Some attribute these effects 
to alterations in the integrity of cellular membranes, specifically due to increased fluidity 
(Peters and Preedy, 1998).  Membrane alteration can influence lipid raft stability, which 
are known to be involved in cell signaling (Pike, 2003; Simons and Toomre, 2000).  In 
response to alterations in membrane and lipid raft fluidity, the downstream pathways 
associated with receptors on the plasma membrane may be compromised.  Examples are 
the TLRs and their downstream signaling molecules such as the MAPKs (Boe et al., 
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2001).  Acute ethanol exposure has been associated with decreased activation of both p38 
and ERK1/2 after TLR activation (Goral et al., 2004; Goral and Kovacs, 2005).  The 
authors of those studies suggested that the reduced activation of MAPKs may result from 
ethanol mediated effects on phosphatase regulation.  Other studies examining the effect 
of chronic alcohol exposure, including the work of Guidot and coworkers, suggest that 
interactions between ethanol and PU.1, the master regulator for GM-CSF, can have 
widespread effects on macrophage maturation and function (Joshi et al., 2005).  It is 
important to note that using an acute exposure to ethanol model, such as in this study, 
models a single episode of binge drinking in humans, and may not always mirror the 
immune deficiencies seen in chronic exposure models.  In the lungs, however, TNF-α is 
suppressed in both the acute and chronic model of ethanol exposure, and data from the 
studies by Guidot and coworkers do parallel the observations from this study.   
 These studies confirm the previous work of others as well as previous 
observations demonstrating an ethanol-mediated attenuation of the production of 
proinflammatory cytokines (Goral et al., 2004; Goral and Kovacs, 2005; Nelson and 
Kolls, 2002; Szabo, 1999).  This observation is consistent between species (human and 
rodent), the differentiation status of the cells (splenic or alveolar macrophages, dendritic 
cells, and blood monocytes), and whether ethanol was administered in vivo or in vitro.  It 
is also important to note that both the moderate and high dose of ethanol showed lasting 
effects on macrophages after ethanol returned to baseline levels.  The lasting inhibition 
was observed with all the cytokines measured, and has implications that there may be 
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some intrinsic modifications that ethanol is having with the cell, as opposed to direct 
effects via interactions from circulating ethanol.  Specifically, ethanol has been shown to 
alter genomic regulation and processing such as modifying histone acetylation and DNA 
methylation (Aroor and Shukla, 2004; Seitz and Stickel, 2007), and may be reasons of 
prolonged dampening of macrophage function seen after ethanol exposure.   
Production of IL-12 in response to LPS on the other hand, was not altered by the 
lower dose of ethanol at any time point examined, but was decreased at 6 hours after 
animals were given the higher dose.  This is consistent with Pruett and colleagues who 
showed using a dose of 6 g/kg ethanol in vivo showed suppressed Poly IC, LPS, 
zymosan, R848, flagellin, and CpG DNA-induced IL-12 production in the serum of 
ethanol exposed mice (Pruett et al., 2004b).  Additionally, CpG DNA and zymosan-
induced IL-12 production was also attenuated in the peritoneal cavity and intracellularly 
in peritoneal macrophages following acute exposure to 6 g/kg ethanol (Pruett et al., 
2005).  These data suggest that exposure various stimuli, in different systemic 
compartments, have variable effects on how the cell is able to respond to a PAMP 
following exposure to ethanol.  
Acute in vivo ethanol exposure lowered ex vivo alveolar macrophage production 
of TNF-α and IL-6 after LPS stimulation.  These data parallel the diminished cytokine 
release that was observed with the splenic adherent cells isolated from mice exposed to 
ethanol for 3 hours.  Others have shown intratracheal LPS treatment resulted in a 
decrease in TNF-α levels in BAL fluid after an acute ethanol exposure (Kolls et al., 1995; 
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Nelson et al., 1989a; Nelson et al., 1989b).  These studies consisted of a single 5.5 g/kg 
administration of ethanol for 30 minutes followed by intratracheal LPS administration for 
1 and 4 hours.  The dose of ethanol administered was higher in those studies, but the 
observations from this study parallels their results.  Another study showed ex vivo 
stimulation of alveolar macrophages decreased TNF-α production after ethanol exposure 
(D'Souza et al., 1996).  Ethanol administration consisted of a priming dose 175 mg/100 g 
of body weight, followed by a 7 hour continuous intravenous infusion of 30 mg/100 g of 
body weight/hour.  Similar to the aforementioned reports, this study consisted of a higher 
dose of ethanol for a longer exposure but showed a similar pattern of TNF-α production 
by the macrophages. 
 Macrophage activation by bacteria can occur through multiple PRRs (Linehan et 
al., 2000; Taylor et al., 2005).  Examples of PRRs that recognize bacteria include TLRs, 
mannose receptors, and scavenger receptors.  Though there are no studies linking ethanol 
and its potential interaction between a PRR and a PAMP, TLRs may be inhibited in their 
ability to co-localize with CD14, as mentioned above.  In the present study, we chose to 
model the interaction between a pathogen and macrophages, instead of focusing on only 
one pathway.  This interaction is a more physiologically accurate representation of 
infection, compared to only stimulating the macrophages with LPS.  As with LPS 
treatment, ethanol suppressed E. coli-stimulation of TNF-α and IL-6 production by 
macrophages.  The effects of ethanol on the induction of TNF-α production cannot be 
attributed to changes in the TNF-α converting enzyme (TACE).  TACE normally cleaves 
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membrane bound TNF-α as a second mechanism of releasing TNF-α (Peschon et al., 
1998).  Studies by Zhang and colleagues have shown an increase in cell associated TNF-
α accompanied by a decrease in secreted TNF-α after ethanol exposure, consistent with 
decreased TACE activity (Zhang et al., 2000).  Though we do not have evidence that 
TACE is being affected by ethanol, we observed a decrease in IL-6 production, and since 
alterations in TACE would not have an effect on IL-6 release, we cannot attribute the 
decreases in cytokine production to alterations in TACE alone.  Finally, though we 
cannot comment on whether the mechanism of ethanol’s suppression of cytokine 
production differ between LPS or E. coli stimulation of macrophages, we can say that at 
early time points, other PRR activation (through intact E. coli stimulation) are unable to 
compensate for the suppressed cytokine production seen in LPS stimulated macrophages.    
This study noted a difference in IL-6 production in the alveolar macrophages 
stimulated with LPS compared to alveolar macrophages stimulated with E. coli, but not 
in TNF-α levels.   There were higher levels of IL-6 production in LPS-stimulated 
macrophages compared to E. coli stimulated macrophages, which may be explained by a 
couple of reasons.  First, the time of exposure to bacteria is only 3 hours, where as the 
LPS was present in the cultures for 16 hours.  Second, TLR4 stimulation of macrophages 
would result in an early TNF-α expression followed by IL-6 production (Garcia-Lazaro 
et al., 2005; Plackett et al., 2007).  Therefore, measuring IL-6 after an extended 
stimulation by E. coli, may have returned levels of this cytokine to the magnitude 
measured in the supernatants from LPS stimulated macrophages.   
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 Taken together, these studies demonstrate that acute ethanol exposure impairs 
PAMP-stimulated cytokine release by macrophages.  This effect was observed in 
multiple primary macrophage populations, using either the bacterial endotoxin LPS, or 
whole bacteria to stimulate cytokine release, suggesting a lack of compensation from 
other receptors stimulated when a pathogen comes into contact with a macrophage.  
Ultimately, the reduction in macrophage functions after ethanol exposure may result in an 
insufficient initial response and robust reaction of the innate immune system to pathogens 
after acute ethanol exposure.
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CHAPTER IV 
ACUTE ETHANOL EXPOSURE SUPPRESSES PHAGOCYTOSIS BY INHIBITING 
PHAGOSOMAL ADHESION MATURATION AND SUBSEQUENT ACTIN 
POLYMERIZATION   
 
ABSTRACT 
Clinical and laboratory investigations have provided evidence that ethanol 
suppresses normal lung immunity. The initial studies from this work revealed that acute 
in vivo or in vitro ethanol exposure transiently decreased macrophage phagocytosis of 
Pseudomonas aeruginosa as early as 3 hours after initial exposure, with recovery by 24 
hours. To investigate a single pathway, we focused this study on Fcγ-receptor (FcγR) 
mediated phagocytosis. In ethanol treated murine alveolar macrophages and the 
RAW264.7 macrophage cell line, phagocytosis of IgG-coated beads demonstrated a 40-
50% decrease in actin recruitment to the phagosome compared to either cell type under 
control conditions. Prior to actin polymerization, the early phagocytic response requires 
recruitment of the adhesion molecules paxillin and vinculin, forming a structure we 
termed "phagosomal adhesion." The addition of IgG-coated beads to RAW264.7 
macrophages induced phosphorylation of paxillin in a time dependent manner, with a 
maximal 2-fold increase 10 to 15 minutes after the addition of the beads independent of 
treatment with control media or ethanol. RAW264.7 cells exposed to control media 
showed a 75%  increase in vinculin phosphorylation after 10 minutes of FcγR-mediated 
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phagocytosis that was abrogated after ethanol exposure, suggesting a defect in 
phagosomal adhesion maturation. In contrast, in the absence of FcγR-activation, 
RAW264.7 cells exposed to ethanol showed augmented phosphorylation of both paxillin 
and vinculin by 60 and 50%, respectively, compared to cells exposed to control media. 
This study is the first to show evidence of ethanol-induced differential regulation of 
phagosomal and substrate focal adhesions as well as elucidating the mechanisms by 
which ethanol suppresses FcγR-mediated phagocytosis. 
 
INTRODUCTION 
 
The consumption of alcohol (ethanol) is associated with increased morbidity and 
mortality due to infectious diseases (Cook, 1998; Moss and Burnham, 2003). Globally, 
the consumption of alcohol contributes to 3.8% of all deaths and 4.6% of diseases (Rehm 
et al., 2009).  Laboratory studies have linked acute ethanol exposure with suppressed 
immune function, specifically, decreased leukocyte activation in response to a pathogen 
or a pathogen-associated molecular pattern (PAMP) (Gamble et al., 2006; Goral et al., 
2004; Guidot and Hart, 2005; Szabo, 1998).  Previous studies have provided evidence 
that acute exposure to ethanol can suppress macrophage and monocyte phagocytosis 
(Goral et al., 2008; Joshi et al., 2005; Karavitis et al., 2008; Morland and Morland, 1984; 
Rimland and Hand, 1980; Zuiable et al., 1992).  Some laboratories have shown that 
ethanol can suppress particular phagocytic pathways.  For example, Morland’s group 
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reported that acute ethanol exposure can specifically inhibit phagocytosis via the Fcγ-
receptor (FcγR) (Morland and Morland, 1984).  Recent studies have focused on the 
ethanol suppressed cytokine production after Toll-like receptor (TLR) activation (Goral 
et al., 2004; Goral and Kovacs, 2005).  Decreased mitogen-activated protein kinase 
(MAPK) phosphorylation, nuclear factor-κB (NF-κB) dysregulation, and insufficient 
receptor clustering in lipid rafts have explained this ethanol-induced suppression (Goral 
et al., 2004; Goral et al., 2008; Goral and Kovacs, 2005; Mandrekar et al., 2009; Szabo et 
al., 2007).  However, only limited progress has been made in understanding the 
mechanisms which are involved in ethanol mediated suppression of phagocytosis.   
Phagocytosis can be initiated by binding of a PAMP with a phagocytic receptor or 
by the opsonization of a pathogen by host molecules such as IgG or complement (Blasi et 
al., 2005).  In parallel, pathogens can also activate numerous pattern recognition receptors 
(PRRs), including the Toll-like receptors, mannose receptors, and scavenger receptors.  
The two most commonly studied modes of phagocytosis are via the FcγR and the 
complement receptor.  Initiation of FcγR-mediated phagocytosis requires the binding of 
the receptor to the Fc portion of immunoglobulin G (IgG).  This interaction will induce 
tyrosine phosphorylation of the receptor, or the gamma subunit, and subsequent 
downstream activation of the pathway (Gessner et al., 1998; Raghavan and Bjorkman, 
1996).  The complement receptor, CR3, consists of the heterodimer CD11b and CD18.  
Unlike the FcRs which only need receptor/ligand interaction, the complement receptors 
require inside out activation with a co-stimulatory molecule, such as phorbyl myristate 
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acetate.  Though activation of either receptor can lead to the phagocytosis of a pathogen, 
the signaling mechanisms between the two are different (Aderem and Underhill, 1999).  
As with most types of phagocytosis, FcγR-mediated phagocytosis involves the focal 
adhesion molecules paxillin and vinculin, as well as the actin cytoskeleton (Aderem and 
Underhill, 1999; Allen and Aderem, 1996).   
Ethanol has been shown to modulate paxillin, vinculin, and actin regulation in 
non-professional phagocytes, such as astrocytes (Guasch et al., 2003; Minambres et al., 
2006).  In the context of phagocytosis, paxillin and vinculin are two focal adhesion 
components said to link the extracellular pathogen bound to receptors with the cellular 
cytoskeleton.  Once anchored to the pathogen, the "phagocytic focal adhesion" can 
induce phagosome internalization through its interaction with actinomyosin contractions.  
A loss in proper securing of the pathogen or cytoskeletal machinery, i.e. normal actin 
architecture, is known to inhibit phagocytosis (Axline and Reaven, 1974; Zigmond and 
Hirsch, 1972).   
This study sought to decipher the mechanisms involved in the ethanol-induced 
suppression of macrophage phagocytosis, specifically FcγR mediated phagocytosis.  
Initial studies by the Kovacs laboratory revealed that acute ethanol exposure suppressed 
bacterial phagocytosis (Karavitis et al., 2008).  In the present study, we broaden the 
understanding of the time dependent effects of ethanol on the phagocytosis of 
Pseudomonas (P.) aeruginosa.  Additionally, we show that the in vitro ethanol model 
parallels the in vivo ethanol model in regards to bacterial phagocytosis and the 
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distribution of polymerized actin during phagocytosis.  To focus on FcγR-mediated 
phagocytosis, we used IgG coated beads to target the FcγR and the pathways that regulate 
this phagocytic process.  We demonstrate that ethanol suppresses activation of the FcγR 
pathway in macrophages as evidenced by decreased actin polymerization around the 
phagosome and reduced vinculin, but not paxillin, phosphorylation.  This study extends 
the current understanding of the suppressive effects of acute ethanol exposure during 
macrophage phagocytosis.  In the absence of FcγR-activation, exposure of RAW264.7 
cells to ethanol increases phosphorylation of both paxillin and vinculin.  This is the first 
documented study to distinguish between the regulatory mechanisms of phagosomal and 
substrate focal adhesions.   
 
MATERIALS AND METHODS 
 
Animals, In Vivo Ethanol Exposure, and Alveolar Macrophage Isolation 
Eight to 10 week old male C57BL/6 mice (Harlan, IN) were utilized to measure in 
vivo ethanol effects on alveolar macrophages.  Prior to use, mice were acclimated for one 
week at the animal facility in Loyola University Medical Center.  All animal studies 
described here were approved and performed with strict accordance to the rules and 
regulations set by the Loyola University Chicago Animal Care and Use Committee. Mice 
were subjected to a single intraperitoneal (i.p.) injection of 2.2 g/kg ethanol or saline 
control as previously described (Goral et al., 2004; Goral and Kovacs, 2005; Karavitis et 
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al., 2008).  This dose of ethanol resulted in a transient elevation in blood alcohol 
concentrations (BAC), which peaked at a level of 280 mg/dl at 30 minutes and returned 
to baseline levels by 3 hours (Karavitis et al., 2008).  Alveolar macrophages were 
obtained via bronchoalveolar lavage (BAL) at 0.5, 3, or 24 hours after ethanol was 
administrated.  Briefly, 8 sequential 800 µl of cold saline was instilled per animal as 
previously described (Karavitis et al., 2008).  Roughly 600 µl of collected BAL fluid and 
cell suspension was isolated per lavage resulting in a total of ~5 ml of BAL fluid.  In 
either ethanol or saline exposed mice, cellular characterization via flow cytometry 
revealed 85-95% of the BAL cells were alveolar macrophages as determined by F4/80+ 
staining (data not shown).    
 
Cell Culture and In Vitro Ethanol Exposure 
RAW264.7 cells, an Abelson murine leukemia virus transformed macrophage cell 
line isolated from BALB/c mice ascites, were seeded (2.5x105) and incubated in 5% CO2 
in either 6 well culture plates or p35 MatTek glass bottom dishes for 48 hours in 
complete media (RPMI with 10% FBS and 1% Penicillin-Streptomycin-Glutamine (PSG 
) (Invitrogen; Eugene, OR).  Cells were then cultured in complete media with or without 
50 mM ethanol for 0.5, 1, 1.5, 3, 6, or 24 hours.      
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Bead Opsonization and Phagocytosis 
FcγR-mediated phagocytosis consisted of opsonizing latex beads prior to 
phagocytosis.  Three µm latex beads (Sigma LB30-1ML) were incubated in 10% bovine 
serum albumin (BSA) in PBS overnight at 4oC.  Beads were centrifuged and washed 
three times with PBS, then resuspended in 1ml PBS.  Ten µl mouse anti-BSA (Fisher 
MS-572-P1ABX) was added to the bead suspension and incubated at room temperature 
for 1 hour under constant rotation (Figure 12). This resulted in >99% coating of the 
beads.  Beads were subsequently washed twice with PBS, once with RPMI, and finally 
resuspended in RPMI which was added to the distributing media.  Warm RPMI medium 
with beads at a concentration of 20 (or 50 for western blot studies) beads per cell were 
added to each well.  Wells were briefly centrifuged and immediately placed into a 37°C 
incubator for specified times allowing phagocytosis to occur.  Immediately following 
phagocytosis, cells were placed on ice and ice-cold PBS was added to the dish to stop 
phagocytosis.  Cells were then either washed twice with ice-cold PBS and fixed with 4% 
paraformaldehyde for immunocytochemistry or lysed for molecular studies.   
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Figure 12: IgG coating of 3 µm latex beads.  Bead coating begins with overnight 
incubation with BSA.   Incubating beads with FITC conjugated anti-BSA shows that 
BSA is efficiently binding to the beads and the fluorescent antibody does not bind non-
specifically.  FITC conjugated anti-mouse IgG does not non-specifically bind to beads, 
but will with very high efficiency when pre-coating beads with an antibody against 
folded BSA and to a much lesser extent, an antibody to denatured BSA.  BSA- bovine 
serum albumin, MIgG- mouse immunoglobulin G, FITC- fluorescein isothiocyanate, 
DIC- differential interference contrast. 
 
 
Alveolar or RAW264.7 macrophages were cultured with 150 EGFP-P. 
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constant rotation or adhered to a plastic dish, respectively.  Alveolar macrophages 
phagocytosis was performed in suspension to alleviate the need for a 1.5 hour adherence 
following in vivo ethanol exposure.  In contrast, RAW264.7 macrophage phagocytosis 
was performed adhered to a plastic dish in order to preserve cellular integrity prior to 
phagocytosis. At specified times, phagocytosis was ceased using ice cold phosphate 
buffered saline (PBS) washed two additional times with PBS, and cultured with 5 µg/ml 
lysozyme for 30 minutes to clear any extracellular bacteria.  RAW264.7 cells were 
removed from the plate with a cell scraper and subsequently phagocytosis of P. 
aeruginosa was measured in either RAW264.7 or alveolar macrophage by flow 
cytometry (described below).   
 
Flow Cytometry 
Once phagocytosis was terminated, alveolar macrophages or RAW264.7 cells 
were analyzed by flow cytometry for their intensity in the FITC channel (Figure S2 and 
S4).  Mean fluorescent intensity was measured in alveolar macrophages that were 
isolated from mice exposed to saline or ethanol for 0.5, 3, or 24 hours and phagocytosed 
EGFP-P. aeruginosa for 30 minutes.  The in vitro model of acute ethanol exposure 
consisted of measuring the mean fluorescent intensity of RAW264.7 cells that had 
phagocytosed EGFP-P. aeruginosa for 30 minutes following exposure to either control 
media or media containing ethanol for various times.  In both the alveolar macrophages 
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and RAW264.7 cells, the background fluorescence (cells without bacteria) were 
subtracted from the phagocytic cells.   
Flow cytometry was performed in the Flow cytometry core (FACS Aria) at 
Loyola University Medical Center.  Briefly, RAW264.7 cells were incubated with RPMI 
including 10% FBS and 1% PSG with or without 50mM ethanol for 3 hours.  Cells were 
detached from the plate with a cell scraper and adjusted to a concentration of 1 x 106 
cells/ml.  Because of the high affinity of FcγRI (CD64) to monomeric IgG, blocking of 
FcγRII (CD32) and FcγRIII (CD16) was not performed when staining for CD64 (50 
ng/1x105 cells, APC-anti-CD64, R&D Systems, Minnesota).  When staining for FcγRII 
(25 ng/1x105 cells, PE-anti-CD32, R&D Systems, Minnesota), blocking of FcγRI and III 
was performed using an antibody against FcγRIII.  This allowed the blocking of FcγRIII 
by the specific antibody, and indirect blocking of FcγRI due to its high affinity to 
monomeric antibody. Similarly, when staining for FcγRIII (25 ng/1x105 cells, PE-anti-
CD16, R&D Systems; Minneapolis, MN), blocking of FcγRI and II was performed using 
an antibody against FcγRII.  Analysis of data was performed with FlowJo (Tree Star Inc; 
Ashland, OR).   
 
 
 
 
Immunocytochemistry 
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Following phagocytosis of IgG coated beads, RAW264.7 cells were fixed with 
4% paraformaldehyde for 15 minutes.  Cells were washed 3 times with PBS and 
permeabilized with 0.1% Triton X in PBS for 3 minutes, blocked with 2% BSA in PBS 
for 30 minutes, and stained with rhodamine phalloidin (1.25 units/ ml, Invitrogen; 
Eugene, OR) in 2% BSA for 30 minutes and Hoechst 33342 (1:10,000 stock, Invitrogen; 
Eugene, OR) in 2% BSA for 2 minutes following manufacturers specifications. 
Fluorescent images were captured using a Zeiss Axiovert 200 microscope (Zeiss, 
Germany). 
 
Western Blot 
Cells were lysed with 5 M sodium fluoride, 0.5 M sodium pyrophosphate, 200 
mM sodium orthovandadate, plus one protease inhibitor pellate in lysis buffer (1 mM 
EDTA, 50 mM HEPES, 150 mM NaCl, 1 mM MgCl2, 10% glycerol, and 0.5% Triton-
X).  Cell extracts (20 mg protein per well) were electrophoretically separated on Ready 
Gels Tris-HCL, 4-20% (BioRad; Hercules, CA) at 104 volts for 1 hour as previously 
described (Goral et al., 2004).  Briefly, proteins were transferred onto immobilon-P 
blotting membrane at 200 mAmps for 1 hour.  Membranes were subsequently blocked in 
3% nonfat milk in 0.5% tween PBS for 30 minutes rocking at room temperature.  After 
three 10 minute washes with TEN (25 mM Tris pH7.5, 4 mM EDTA pH8.0, 5.6 mM 
NaCl), membranes were incubated at 4oC overnight with primary antibody in 3% nonfat 
milk.  Primary antibodies against paxillin (Clone 5H11, Millipore, Jaffrey, NH), vinculin 
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(Clone hVIN-1, Sigma, STATE), phosphorylated paxillin (Tyr118, Millipore, Jaffrey, 
NH), and phosphorylated vinculin (pTyr822, Sigma, St. Louis, MO) were used at the 
manufacturers recommended dilutions.  The primary antibody was followed by three 10 
minute washes with TEN followed by secondary goat-anti-rabbit (Abcam, Cambridge, 
MA) or rabbit-anti-mouse (Abcam, Cambridge, MA) antibodies at 1:5000 dilution for 1 
hour in 3% nonfat milk diluted in 0.5% tween PBS.  Membranes were developed with 
SuperSignal West Dura Luminol/Enhancer solution and Peroxide Buffer 
(ThermoScientific, Waltham, MA) and evaluated via densitometric analysis using the 
BioRad Chemi Dock XRS. 
 
Statistical analysis 
Data are expressed as mean ± SEM of each group. Data were analyzed by Students t-test 
or ANOVA, followed by post hoc Tukey test using Instat 3 (Graphpad; La Jolla, CA). A 
value of p ≤0.05 was considered significant. 
 
 
 
 
 
 
RESULTS 
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Macrophage phagocytosis of EGFP-P. aeruginosa following acute ethanol exposure. 
To elucidate the mechanisms by which ethanol suppresses phagocytosis, we first 
assessed the effects of acute ethanol exposure on the ability of macrophages to 
phagocytose EGFP-P. aeruginosa.  Alveolar macrophages were obtained from the lungs 
of male C57BL/6 mice via BAL after 0.5, 3, or 24 hours after a single exposure to 
2.2g/kg of ethanol and phagocytosis was assessed by ex vivo culture with EGFP-P. 
aeruginosa.  Mean fluorescent intensity was used as an indicator of phagocytosis of 
EGFP-P. aeruginosa.  Live gate and no bacterial control histogram with alveolar 
macrophages isolated from saline or ethanol exposed mice is provided in Figure S2.  
Three hours after treatment, macrophages isolated from ethanol-exposed mice 
demonstrated a 30% (p<0.05) decrease in fluorescent intensity when compared to 
macrophages isolated from saline treated controls as measured by flow cytometry 
(Figure 13A, repeat Figure S3). Flourescence was calculated as the measured as the 
background, no bacteria control macrophages, subtracted from the macrophages cultured 
with EGFP-P. aeruginosa.  Observation of macrophages isolated from 3 hour saline 
(Figure 13B) or ethanol (Figure 13C) treated mice by fluorescent microscopy revealed 
lower visible fluorescence in the ethanol group, reflective of the attenuation in MFI in the 
ethanol group seen by flow cytometry.  To parallel the in vivo model, we cultured the 
RAW264.7 macrophage cell line with 50 mM ethanol for various times ranging from 0.5 
to 24 hours, followed by an incubation with EGFP-P. aeruginosa for 30 minutes.  Live 
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gate and no bacterial control histogram with alveolar macrophages isolated from saline or 
ethanol exposed mice is provided in Figure S4.  Mean fluorescent intensity, as measured 
by flow cytometry, indicated there was an ethanol-induced suppression in macrophage 
phagocytosis after 3 hours of ethanol exposure, but there is recovery from the effects of 
ethanol after 6 hours (Figure 14, repeat Figure S5).  Together, these data provide in vivo 
and in vitro evidence supporting ethanol impaired macrophage phagocytosis of foreign 
pathogens. 
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Figure 13: In vivo ethanol suppresses ex vivo alveolar macrophage phagocytosis of 
EGFP-P. aeruginosa.  A: Mean fluorescent intensity of alveolar macrophages isolated 
0.5, 3, or 24 hours after in vivo saline (open bars) or ethanol (closed bars) exposure.  
Macrophages were cultured with 150 bacteria per cell for 30 minutes and analyzed by 
flow cytometry. B and C: Fluorescent microscopy of alveolar macrophages isolated 3 
hours after mice were exposed to i.p. saline (B) or ethanol (C) and allowed to 
phagocytose fluorescent bacteria.  *, p<0.05 compared to saline 3 hours measured by 
Tukey-Kramer Multiple Comparisons Test following ANOVA, F = 28.441.  n=3 animals 
per group. Data shown are representative of three independent experiments.  Green-
EGFP-P. aeruginosa , Blue-Nuclear Hoechst stain 
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Figure 14: In vitro ethanol reduces RAW264.7 macrophage phagocytosis of EGFP-P. 
aeruginosa.  RAW264.7 macrophages were cultured with either control media (open bar) 
or media containing 50 mM ethanol for 0.5, 1.5, 3, 6, or 24 hours (closed bars).  
Subsequently, cells were co-cultured with 150 EGFP-P. aeruginosa for 30 minutes and 
the fluorescent intensity of cells was determined via flow cytometry.    *, p<0.05 
compared to saline 3 hours, as compared by Tukey-Kramer Multiple Comparisons Test 
following ANOVA, F = 17.417.  Results shown are the average of 3 independent 
experiments.   
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The effect of acute ethanol exposure on Fcγ-receptor expression.  
 
To determine whether ethanol mediated suppression of phagocytosis involved 
changes in receptor expression, alveolar macrophages were isolated 3 hours after initial 
in vivo saline or ethanol exposure.  Surface expression of FcγRI (CD64), FcγRII (CD32), 
and FcγRIII (CD16) was examined by flow cytometry using fluorescent conjugated 
antibodies (Figure 15, live gate and staining controls showed in Figure S6).  These data 
reveal that acute ethanol exposure does not alter surface expression of the three FcγRs on 
alveolar macrophages.  These data are consistent with the in vitro studies, which also 
showed acute ethanol exposure did not modulate RAW264.7 cells FcγR levels (Figure 
S7).  This suggests that defects downstream of the receptor may play a role in suppressed 
macrophage phagocytosis after ethanol exposure.   
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Figure 14: Surface FcγR expression is not altered after acute ethanol exposure.  Alveolar 
macrophages isolated from mice receiving either saline (open bars) or ethanol (closed 
bars) for 3 hours were stained with anti-FcγRI (CD64) (A), FcγRII (CD32) (B), or 
FcγRIII (CD16) (C).  Receptor expression levels are expressed as relative mean 
fluorescent intensity (MFI) with background fluorescence subtracted.  Data are 
representative of 2 independent experiments. 
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FcγR-mediated actin polymerization at the site of the phagosome after acute exposure to 
ethanol. 
 
In order to understand how acute ethanol exposure suppresses FcγR mediated 
phagocytosis, we measured the ability of ethanol exposed alveolar and RAW264.7 
macrophages to induce actin polymerization to the phagosome, a mechanism required for 
effective phagocytosis.  Alveolar macrophages were isolated 0.5, 3, or 24 hours after 
saline or ethanol exposure in vivo and assessed for actin polymerization to the site of the 
phagosome during FcγR-mediated phagocytosis.  Differential interference contrast (DIC) 
images of alveolar macrophages that internalized IgG coated beads (yellow arrows) are 
shown in Figures 16A and C.  These images were utilized to determine the number of 
beads internalized by macrophages.  Fluorescent images, stained with rhodamine 
phalloidin (red) and Hoechst nuclear stain (blue), of the same cells were taken to measure 
the number of actin rings formed after 20 minutes of phagocytosis (yellow arrows, 
Figures 16B and D).  The number of internalized beads inducing actin polymerization 
(Figure 16E) was decreased by 40% (p<0.05) in the cells that were isolated from mice 3 
hours after ethanol treatment.  Alveolar macrophages isolated 0.5 or 24 hours from mice 
receiving ethanol did not exhibit an attenuation in actin polymerization during FcγR-
mediated phagocytosis (Figure16E, repeat Figure S8). These data are indicative of an 
inability to induce actin polymerizing mechanisms downstream of receptor activation.  
Additionally, these are the first data to provide evidence that acute ethanol exposure 
                                                                                                                                         88                                                                                                                                                                                                                                                                                                       
               
                                                                                                                                                                                                                      
                   
suppresses actin polymerization, a mechanistic mechanism of phagocytosis, at the site of 
a phagosome.   
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Figure 16: FcγR-mediated actin polymerization is decreased after ethanol exposure.  
Alveolar macrophages were isolated from mice 3 hours after receiving i.p. saline (A and 
B) or ethanol (C and D). Cells were plated and allowed to phagocytose IgG coated beads 
(yellow arrows) for 20 minutes. A and C: Differential image contrast (DIC) microscopy 
of alveolar macrophages was performed to indicate internal versus external beads. B and 
D: Fluorescent microscopy of alveolar macrophages stained with rhodamine phalloidin 
(red) shows actin polymerization at the phagosome (yellow arrows), and nuclear Hoechst 
stain (blue).  E: Percent of internalized beads that induce actin polymerization during 
FcγR-mediated phagocytosis.  Alveolar macrophages collected from saline exposed mice 
versus 0.5, 3, or 24 hours of ethanol exposure.  *, p<0.05 compared to saline as measured 
by Student's t-test.  n= 50-75 cells per group. Data shown are representative of 3 
independent experiments.   
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E 
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 In parallel, RAW264.7 macrophages exposed to ethanol in vitro showed 
suppressed actin polymerization around the phagosome following FcγR activation.  
Figures 17A and C show DIC images of cells with internalized IgG coated beads after 3 
hours exposure to control media or media containing ethanol. Corresponding images 
representing actin polymerization and nuclear staining are shown using fluorescent 
microscopy (Figures 17B and D).  The percent of internalized beads that recruited actin 
to the phagosome was decreased by 45% (p<0.05) at 3 hours of ethanol exposure relative 
to control (Figure 17E). These results were not observed after 0.5 or 24 hours of ethanol 
exposure.  These data parallel the in vivo ethanol-induced suppression of actin 
polymerization observed during FcγR-mediated phagocytosis, and led us to further 
examine the role of phagosomal adhesion maturation as an underlying mechanisms 
involved in ethanol induced suppression of FcγR-mediated phagocytosis.   
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Figure 16: Actin polymerization to the FcγR-mediated phagosome is suppressed after 
ethanol exposure in RAW264.7 macrophages.  RAW264.7 macrophages exposed to 
control media (A and B) or media containing 50 mM ethanol (C and D) for three hours 
were plated and allowed to phagocytose IgG coated beads for 20 minutes. A and C: 
Differential image contrast (DIC) microscopy of RAW264.7 cells after 20 minutes of IgG 
bead phagocytosis indicate internal versus external beads. B and D: Fluorescent 
microscopy of RAW264.7 cells stained with rhodamine phalloidin to reveal actin 
polymerization at the phagosome, and nuclear Hoechst stain. E: RAW264.7 macrophages 
exposed to control media versus 0.5, 3, or 24 hours of 50 mM ethanol media. *, p<0.05 
compared to saline, as measured by Tukey-Kramer Multiple Comparisons Test following 
ANOVA, F = 19.592.  n= 75-125 cells per group per experiment. Results are the mean of 
3 independent experiments.   
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Acute exposure to ethanol effects on the focal adhesion molecules vinculin, paxillin, and 
talin. 
Utilization of adhesion molecules occurs at the level of the substrate as well as the 
phagosome.  Therefore, we first sought to determine the effects of ethanol on the 
expression and phosphorylation of the focal adhesion molecules paxillin and vinculin, in 
the absence of FcγR-stimulation.  To accomplish this, RAW264.7 cells were incubated 
with or without 50 mM ethanol for 3 hours.  Membrane blots containing control and 
ethanol-exposed macrophage lysates were probed for phosphorylated paxillin and 
vinculin, total paxillin, and total vinculin (Figure 18).  Total paxillin and vinculin protein 
levels in the cells were unchanged regardless of ethanol treatment.  Cells exposed to 
ethanol for 3 hours had increased phosphorylation of both paxillin (60% p<0.05) and 
vinculin (50% p<0.05) compared to cells exposed to control media alone (Figures 18B 
and C).  In contrast to altered levels of paxillin and vinculin, phosphorylation of the 
autophosphorylation residue, FAK Tyr397 was not altered in RAW264.7 cells exposed to 
ethanol for 3 hours compared to cells cultured in control media (Figure 19).  These data 
suggest that macrophages exposed to ethanol induce substrate focal adhesion formation, 
through a pathway that does not involve FAK autophosphorylation.  The next objective 
was to examine whether ethanol had a similar effect on FcγR-mediated phagosomal 
adhesion formation.   
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Figure 18: Acute ethanol exposure increases paxillin and vinculin phosphorylation.  A: 
RAW264.7 macrophages exposed to control media or media containing 50 mM ethanol 
for 3 hours were lysed and protein levels were measured by western blot analysis. B: 
RAW264.7 cells exposed to ethanol for 3 hours prior to lysing had an increase in 
phosphorylated/total paxillin levels compared to cells exposed to control media.  C: An 
increase in phosphorylated/total vinculin was observed in ethanol exposed.  RAW264.7 
cells versus control media. *p<0.05 compared to control groups, as measured by Students 
t-test. n=3 lanes per group, per experiment.  Results are the normalized mean of 3 
independent experiments. 
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Figure 19:  The effects of ethanol on phosphorylation of Tyr397 FAK.  Total and 
phosphoryled FAK was measured in RAW264.7 cells exposed to control media or media 
containing 50 mM ethanol for 3 hours.  Lysates were probed using an antibody against 
phospho-Tyr397 or total FAK.  Data are mean of 2 independent experiments with 
standard deviation range.  
Total FAK 
Phospho-
FAK 
Control Ethanol 
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Vinculin and paxillin phosphorylation during FcγR-mediated phagocytosis. 
 
To determine if ethanol altered vinculin and paxillin phosphorylation during 
phagocytosis, we cultured RAW264.7 cells with either control media or media containing 
50 mM ethanol for 3 hours, after which, the cells were incubated with IgG coated beads 
for 0, 5, 10, or 15 minutes.  Phagocytosis was terminated and cells were subsequently 
lysed for western blot analysis.  These data revealed that cells cultured in the absence of 
ethanol had a 75% (p<0.05) increase in vinculin phosphorylation following 10 minutes of 
FcγR-activation (Figure 20A).  This rise in vinculin phosphorylation was not observed in 
cells exposed to ethanol for 3 hours prior to bead phagocytosis (Figure 20B).  
RAW264.7 cells cultured in control media also exhibited an increase in paxillin 
phosphorylation of 2-fold after 10 and 15 minutes (p<0.05) of FcγR-mediated 
phagocytosis (Figure 20C and D).  However, in contrast to the limited vinculin 
phosphorylation seen in ethanol-exposed cells, there was a 60% increase in 
phosphorylated paxillin (p<0.05) in response to IgG bead phagocytosis following ethanol 
exposure (Figure 21A-D).  The reduced vinculin phosphorylation observed in the 
ethanol-exposed cells given IgG-coated beads, was not a delayed response to the FcγR 
stimulus.  Further analysis showed that suppression of vinculin phosphorylation in 
ethanol-exposed cells, was maintained up to 60 minutes after IgG bead stimulation 
(Figure 22).  These data suggest that ethanol attenuates FcγR-mediated phagocytosis by 
inhibiting phagosomal adhesion maturation as assessed by a decrease in the 
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phosphorylation of the mature adhesion molecule vinculin.  In parallel to the suppressive 
effect of ethanol on phagosomal adhesion maturation, these are novel data showing a 
differential regulation of substrate focal adhesion and phagosomal adhesion formation.    
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Figure 20: Phosphorylation of vinculin is suppressed during FcγR-mediated phagocytosis 
after acute ethanol exposure.  RAW264.7 macrophages exposed to control media (open 
bars) or media containing 50 mM ethanol (closed bars) for 3 hours were co-cultured with 
IgG coated beads to initiate FcγR-mediated phagocytosis for 0, 5, 10, or 15 minutes.  
Cells were subsequently lysed and total and phosphorylated protein levels for vinculin (A 
and B) were quantified by western blot analysis. Total and phosphorylated vinculin was 
quantified after 0, 5, 10, and 15 minutes of FcγR-mediated phagocytosis in control (C) 
and ethanol (D) exposed RAW264.7 cells. *p<0.05 compared to 0 minutes, as measured 
by Student's t-test.  Results are the normalized mean of three independent experiments, 
each column represents an individual sample. 
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Figure 21: Phosphorylation of paxillin is not suppressed during FcγR-mediated 
phagocytosis after acute ethanol exposure.  RAW264.7 macrophages exposed to control 
media (open bars) or media containing 50 mM ethanol (closed bars) for three hours were 
co-cultured with IgG coated beads to initiate FcγR-mediated phagocytosis for 0, 5, 10, or 
15 minutes.  Cells were subsequently lysed and total and phosphorylated protein levels 
for paxillin (A and B) were quantified by western blot analysis. Total and phosphorylated 
paxillin was quantified after 0, 5, 10, and 15 minutes of FcγR-mediated phagocytosis in 
control (C) and ethanol (D) exposed RAW264.7 cells. *p<0.05 compared to 0 and 5 
minutes, # p<0.05 compared to 0 minutes, as measured by Tukey-Kramer Multiple 
Comparisons Test following ANOVA, F = 70.088.  Results are the normalized mean of 
three independent experiments, each column represents an individual sample. 
 
* # * 
99 
 
                                                                                                                                                                                                                      
                   
 
 
Figure 22: Effects of ethanol on vinculin phosphorylation during prolonged FcγR-
mediated phagocytosis.  RAW264.7 cells cultured with either control media or media 
containing 50 mM ethanol for 3 hours.  FcγR-activation was induced for 0, 15, 25, or 60 
minutes with IgG coated beads.  Ethanol exposed macrophages were not able to induce 
vinculin phosphorylation during bead phagocytosis for up to 60 minutes.  n=2 samples 
per condition.  Data are the mean of two independent experiments with standard 
deviation range.    
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DISCUSSION 
 
Phagocytosis was originally described in prokaryotic cells as a mechanism to 
consume nutrients.  In the higher eukaryotic systems, phagocytosis is a means of clearing 
pathogens, apoptotic cells, and cellular debris.  This is accomplished by professional 
phagocytes, such as macrophages, neutrophils, and dendritic cells, though other cells 
have been shown to have some phagocytic potential (Arlein et al., 1998).  Through the 
internalization and processing of pathogens, the host can link the innate with the adaptive 
immune system by expressing antigen on major histocompatibility complex molecules.  
Proper phagocytosis is critical for clearance of infectious organisms and a defect in 
leukocyte phagocytosis results in an inability to defend oneself from infection (Dahmer et 
al., 2005; Yuan et al., 2008).   
Both clinical and laboratory studies have shown that the consumption of alcohol 
or the exposure of cells to ethanol result in a partial loss of the phagocytosis (Castro et 
al., 1993; Karavitis et al., 2008; Morland and Morland, 1984; Rimland and Hand, 1980; 
Schopf et al., 1985; Zuiable et al., 1992).   The current study supports and extends these 
observations by elucidating mechanisms by which ethanol attenuates this critical 
function.  Suppression of macrophage phagocytosis was observed at 3 hours, but not 
apparent at 0.5 or 1.5 hours of ethanol exposure, nor after 6 or 24 hours of ethanol 
exposure.  These time points prior to 3 hours, may have been an insufficient amount of 
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time for ethanol to affect molecular mechanisms of phagocytosis.  On the contrary, 24 
hours after the initial ethanol exposure may provide ample time for the cell to metabolize 
ethanol and recover from its suppressive effects. In contrast to the later time points, 
Morland’s group showed that monocytes exposed to a single dose of ethanol in vitro had 
lasting suppressive effects on their ability to internalize Candida (C.) albicans 24 hours 
after initial exposure (Morland and Morland, 1984). Interestingly, seven days after the 
original exposure of ethanol, monocytes exhibited a compensatory ability to clear C. 
albicans. However, continual replacement of ethanol in the media out to 7 days resulted 
in the impaired phagocytosis seen at earlier time points, further supporting the transient 
ethanol induced suppression of phagocytosis we observe.  
 Phagocytosis is typically defined as a receptor mediated internalization of a 
particle greater than 0.5µm.  Normal phagocytosis requires phagosomal adhesion 
formation, functional small GTPases, and cytoskeletal reorganization.  The receptors 
associated with phagocytosis are numerous, and include Fc, complement, scavenger, 
mannose, and some even suggest Toll-like receptors (Allen and Aderem, 1996; Anand et 
al., 2007).  In this current study, measurement of the three FcγRs (FcγRI, FcγRII, and 
FcγRIII), showed no variation after 3 hours of in vivo or in vitro ethanol exposure.  As 
previous evidence has suggested, because ethanol mediates suppression of FcγR-
mediated phagocytosis, we chose to focus this study on this pathway.  The research 
design, utilizing IgG-coated latex beads, clarified the effects of ethanol on this pathway 
without interference from other pathways that induce a phagocytic response or influence 
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the pathway through signaling crosstalk.  For example, the activation of other receptors, 
such as TLR4, which is known to be suppressed by acute exposure to ethanol through 
MAPK suppression, may influence phagocytosis and would be activated during the 
interaction of host and pathogen (Anand et al., 2007; Goral et al., 2004; Goral and 
Kovacs, 2005).   
The binding and clustering of the FcγR at the site of the pathogen/host interaction 
results in phosphorylation of immunoreceptor tyrosine-based activation motifs (ITAMs) 
and subsequent Src and Syk binding and phosphorylation (Cox and Greenberg, 2001; 
Daeron, 1997).  Studies have reported that focal adhesion molecules, including paxillin 
and vinculin, associate with this complex (Aderem and Underhill, 1999; Allen and 
Aderem, 1996). In parallel to phagocytic adhesion formation, organized actin 
polymerization at the phagosome requires activation of the small Rho family of GTPases 
(Niedergang and Chavrier, 2005).  This study reveals that ethanol attenuates a known 
necessary mechanism of FcγR-mediated phagocytosis, namely actin polymerization, in 
both alveolar and RAW264.7 macrophages.  Laboratory studies have shown that ethanol 
has an effect on actin polymerization, though not in the context of phagocytosis.  For 
example, Guasch et al. showed that ethanol can reorganize actin distribution in astrocytes 
to a more cortical layout (Guasch et al., 2003). Though alteration of Rho activity may 
have an effect on the actin cytoskeleton as this group has suggested, it is unlikely to play 
a role in the proposed model of phagocytosis, as Rho is primarily involved in 
complement-mediated phagocytosis and is less important in FcγR-mediated phagocytosis 
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(Caron and Hall, 1998; May et al., 2000). Evidence indicates that Rac is the dominant 
small GTPase during FcγR-mediated phagocytosis (Greenberg, 1999; Swanson and 
Hoppe, 2004).  Rac is also known to have a regulatory role on actin polymerization, 
specifically during lamellipodial extension (Hall, 2005).  With this in mind, we propose 
that ethanol is dysregulating Rac activity and subsequent actin polymerization during the 
process of FcγR-mediated phagocytosis.   
An alternative explanation for a decrease in actin polymerization at the site of the 
phagosome is a loss of activation of the actin scaffold proteins including vinculin 
(Janssen et al., 2006; Johnson and Craig, 1995).  In the absence of phagocytosis, these 
data indicate that ethanol increases the phosphorylation of paxillin and vinculin in 
RAW264.7 cells, which was not explained by increases in FAK Tyr397 phosphorylation 
(Figure S5).  The increase in focal adhesion phosphorylation is consistent with other 
published reports in which ethanol triggers elongated and thicker focal adhesions after 
short term exposure in astrocytes (Guasch et al., 2003).  An exacerbated focal adhesion 
formation to the substrate could provide increased adherence, rendering the cell less 
mobile than one appropriately regulating focal adhesion formation and turnover.  The 
lack in focal adhesion control may explain the observed decreases in cell migration 
toward a stimulus after exposure to ethanol (Boe et al., 2003; Imhof et al., 2008).  
Additionally, through its modulation of paxillin-focal adhesion kinase interaction, 
vinculin has been shown to control extracellular receptor kinase (ERK) activity (Subauste 
et al., 2004).  These data may partially explain some of the published work showing a 
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decrease in ERK1/2 after acute ethanol exposure, and connect these findings with 
previous reports (Goral et al., 2004; Goral and Kovacs, 2005; Pruett and Fan, 2009).  To 
contrast the increased focal adhesion phosphorylation in ethanol-exposed macrophages, 
phosphorylation of vinculin during FcγR-mediated phagocytosis is inhibited in cells 
exposed to ethanol, compared to control conditions.  Interestingly, FcγR-mediated 
paxillin phosphorylation occurs as efficiently in ethanol-exposed macrophages as control 
macrophages.  Possible explanations include 1) a defect in the maturation of phagosomal 
adhesions during FcγR-mediated phagocytosis, or 2) a differential regulation of the 
adhesion occurring at site of the matrix versus the phagosome.  To elaborate the latter 
point, cellular adhesions with the extracellular environment include focal contacts and 
adhesions, fibril adhesions, podosomes, and invadopodia which differ in their 
composition, function, and regulation.  We propose that the adhesions occurring at the 
site of the phagosomes are more closely related to podosomes rather than traditional focal 
adhesions.  Familiar to both podosome and FcγR-mediated adhesion formation, but 
absent in focal adhesions, are the use of Src kinases, the small GTPase Rac, and the 
phosphorylation of Wiskott-Aldrich syndrome protein (Aderem and Underhill, 1999; 
Park and Cox, 2009; Sarmay et al., 1994).  Additionally the kinetics of phagosomal and 
podosomal adhesion formation occur more rapidly (15-20 minutes) than the rate of 
conventional substrate focal adhesion formation (1-3 hours), highlighting the importance 
of a more dynamic, responsive adhesion process during phagocytosis (Linder and 
Aepfelbacher, 2003; Zamir et al., 1999).  This diverse regulation of varying adhesion 
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subtypes may explain the differential effects observed after acute ethanol exposure.  To 
our knowledge, this is the first study showing evidence of alternative regulation between 
the adhesions that occur during FcγR-mediated phagocytosis and the substrate.   
Taken together, we report that acute ethanol exposure suppresses FcγR-mediated 
phagocytosis by suppressing phagosomal adhesion maturation and subsequent actin 
polymerization.  Inhibition of the formation of the adhesion complex during phagocytosis 
would underscore its importance in inducing actin polymerization and would strengthen 
this study.  Unfortunately, there are no specific inhibitors that target phagosomal 
adhesion formation which would maintain stability in cell adhesion.  Future studies also 
need to investigate whether these findings are specific to the FcγRs, or if they hold true in 
other modes of phagocytosis.  Additionally, the differential effect ethanol has on 
phagocytic adhesions versus conventional focal adhesions should implore us to pursue 
phagocytosis studies with an awareness that they express adhesion characteristics more 
similar to podosomes rather than focal adhesions.  Cellular adhesion and actin 
polymerization are known to be involved in other processes, such as leukocyte migration 
into organs, vasculature permeability, and cell division. These findings can also help 
explain how these aforementioned functions are suppressed by ethanol exposure.  Finally, 
we must also be mindful that many of the mechanisms controlling phagocytosis are 
regulated by the small GTPases and therefore additional research to elucidate roles for 
Rac, Cdc42, and Rho in these findings is essential.
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CHAPTER V 
THE EFFECTS OF ETHANOL ON SMALL GTPASES DURING FcγR-MEDIATED 
PHAGOCYTOSIS 
 
ABSTRACT 
  Both clinical and laboratory investigations have revealed that ethanol can 
suppress normal lung immunity.  The initial studies revealed that acute in vivo or in vitro 
ethanol exposure decreases alveolar macrophage phagocytosis of Pseudomonas 
aeruginosa. To investigate a single receptor pathway, we chose to focus this study on 
Fcγ-receptor (FcγR)-mediated phagocytosis.  Actin polymerization to the phagosome and 
vinculin phosphorylation during FcγR-mediated phagocytosis is attenuated in alveolar 
macrophages and the  RAW264.7 macrophage cell line following acute ethanol exposure.   
The small GTPase Rac is a key regulator of actin polymerization and has been implicated 
as the dominant small GTPase during FcγR-mediated phagocytosis.  RAW264.7 cells 
exposed to NSC23766 (a Rac1 inhibitor), show suppressed actin polymerization to the 
site of the phagosome, independent of ethanol exposure.  This underscores the 
importance of normal Rac activity during FcγR-mediated phagocytosis.  Rac is active in 
its GTP bound form, and this study reveals that prior to the addition of IgG-coated beads, 
cells exposed to ethanol exhibit a decrease in Rac activity.  During FcγR-mediated 
phagocytosis, RAW264.7 cells activate Rac, an effect that is attenuated in cells exposed 
to ethanol prior to the initiation of phagocytosis.  In contrast, the use of C3, a Rho 
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inhibitor, did not alter actin polymerization during FcγR-mediated phagocytosis, 
suggesting its lack of importance in this pathway.  The reduced Rac activity during 
phagocytosis cannot be associated to alterations in the GEF Vav, as ethanol does not 
seem to alter its levels as compared to control cells during phagocytosis.  Decreased 
FcγR-mediated phagocytosis in subjects who consume alcohol would render them more 
vulnerable to infection, as well as potentially prolonging infection.  
 
INTRODUCTION 
 
 The ability of macrophages to phagocytose is critical in the initiation and the 
termination of an immune response.  The suppressive effects of acute and chronic ethanol 
exposure on macrophage function have been extensively investigated in the clinical and 
laboratory setting  (Andrade et al., 2009; Aroor and Baker, 1998; Brown et al., 2004; 
Joshi et al., 2005; Karavitis et al., 2008; Morland and Morland, 1984; Rimland and Hand, 
1980; Zhang and Spitzer, 1997; Zuiable et al., 1992).  Though less reported, the 
suppressive effect of acute ethanol exposed macrophages and monocytes have been 
observed (Karavitis et al., 2008; Morland and Morland, 1984; Rimland and Hand, 1980; 
Zuiable et al., 1992). Rabbit alveolar macrophages exposed to ethanol are less capable of 
phagocytosing latex beads and radiolabeled S. aureus as well as less efficient in 
destroying the bacteria once internalized (Rimland and Hand, 1980).  Focusing on FcγR-
mediated phagocytosis, human blood monocytes exposed to ethanol in vitro exhibited 
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decreased phagocytosis of IgG-coated erythrocytes compared to control cells not exposed 
to ethanol (Morland and Morland, 1984).   
 The ability to focus on a single receptor when studying phagocytosis allows us to 
separate the specific from non-specific effects ethanol has on these pathways.  For 
example, TLR4 activation would be expected, upon contact of a macrophage with certain 
pathogens, to initiate MAPK induction of cytokines such as IL-6 (Karavitis et al., 2008).  
Studies have previously reported that multiple TLR pathways, including TLR4, are 
directly affected by acute ethanol exposure (Goral et al., 2004; Pruett et al., 2004a).  The 
use of IgG-coated beads as a tool to isolate the FcγR allows us to look into the effects of 
ethanol on mechanisms that control phagocytosis.  Some of the necessary cellular 
components that control phagocytosis are the actin cytoskeleton, adhesion molecules 
paxillin and vinculin, and the Rho family of small GTPases (Aderem and Underhill, 
1999; Allen and Aderem, 1996).  We have shown in chapter 4 that acute ethanol 
exposure has a suppressive effect on actin polymerization to the site of FcγR activation in 
alveolar and RAW264.7 cells.  In addition, phosphorylation of vinculin is ablated 
following co-culture of RAW264.7 cells with IgG-coated beads.  The control of 
phagocytosis by the small GTPases Rac and Rho seems to be dependent on the receptor 
activated (Caron and Hall, 1998; Castellano et al., 2000; Cox et al., 1997; Kant et al., 
2002; May et al., 2000; May and Machesky, 2001; Niedergang et al., 2003; Patel et al., 
2002).  FcγR-mediated phagocytosis is typically associated with being controlled by Rac 
(Caron and Hall, 1998; Cox et al., 1997; Kant et al., 2002; Niedergang et al., 2003; Patel 
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et al., 2002).  Complement-mediated phagocytosis, on the other hand, is said to be under 
the influence of Rho activation (Caron and Hall, 1998; May et al., 2000; May and 
Machesky, 2001).  Due to controversial data on the small GTPases that control 
phagocytosis, we seek to elucidate the importance of Rac and Rho during FcγR-mediated 
phagocytosis, and how ethanol alters these molecules in the context of phagocytosis.  
 Though the role of small GTPases during phagocytosis has been investigated, the 
effect of ethanol on the small GTPases has not been as thoroughly researched.  Only a 
few studies have investigated how acute ethanol exposure affects small GTPases, and all 
are focused on the central nervous system (Guasch et al., 2007; Joshi et al., 2006; 
Minambres et al., 2006).  Primary astrocytes cultured with 10 mM ethanol for 10 or 30 
minutes resulted in a decrease in Rac and RhoA expression due to an ethanol induced 
RhoE signaling (Guasch et al., 2007).  In contrast to this, cerebellar granule neurons 
isolated from ethanol exposed rat pups had suppressed Rac1 activation (when BAC was 
40 mM or 80 mM) and increased RhoA activity (BAC at 80 mM) (Joshi et al., 2006).  
Primary astrocytes cultured with 100 mM ethanol for 6 hours were also shown to have 
increased RhoA activity compared to control astrocytes (Minambres et al., 2006).  These 
studies suggest there is an ethanol-mediated effect on the small GTPases Rho and Rac, 
but do not give us any insight on how these molecules are affected in other cell types, 
including macrophages.   
 This study seeks to elucidate the effect of ethanol on the small GTPase control of 
FcγR-mediated phagocytosis.  We investigate the importance of Rac and Rho during 
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FcγR-mediated phagocytosis using the inhibitors NSC23766 and C3, respectively.  
Additionally, we will uncover the effects of ethanol on the small GTPases in the context 
of FcγR-mediated phagocytosis, and in the absence of IgG coated beads.  Finally, we 
examine a guanine nucleotide exchange factor (GEF) Vav1, which can activate the Rho 
family of small GTPases. 
 
Materials and Methods 
 
Cell Culture and In Vitro Ethanol Exposure 
RAW264.7 cells, an immortalized macrophage cell line, were seeded (2.5x105) 
and incubated in 5% CO2 in either 6 well culture plates or p35 MatTek glass bottom 
dishes for 48 hours in complete media (RPMI with 10% FBS and 1% Penicillin-
Streptomycin-Glutamine (PSG ) (Invitrogen; Eugene, OR).  Cells were then cultured in 
complete media with or without 50 mM ethanol for 3 hours.      
  
Phagocytosis and Bead Opsonization  
FcγR-mediated phagocytosis consisted of opsonizing latex beads prior to 
phagocytosis.  Three µm latex beads (Sigma LB30-1ML) were incubated in 10% bovine 
serum albumin (BSA) in PBS overnight at 4oC.  Beads were centrifuged and washed 
three times with PBS, then resuspended in 1ml PBS.  Ten µl mouse anti-BSA (Fisher 
MS-572-P1ABX) was added to the bead suspension and incubated at room temperature 
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for 1 hour under constant rotation.  This resulted in >99% coating of the beads (Figure 
S1).  Beads were subsequently washed twice with PBS, once with RPMI, and finally 
resuspended in RPMI which was added to the distributing media.  Warm (37ºC) RPMI 
medium with beads at a concentration of 20 (or 50 for western blot studies) beads per cell 
were added to each well.  Wells were briefly centrifuged and immediately placed into a 
37°C incubator for specified times allowing phagocytosis to occur.  Immediately 
following phagocytosis, plates were placed on ice and ice-cold PBS was added to the dish 
to stop phagocytosis.  Cells were then either washed twice with ice-cold PBS and fixed 
with 4% paraformaldehyde for immunocytochemistry or lysed for molecular studies.  To 
inhibit Rac and Rho, cells were incubated with NSC23766 (100 µM) for 30 minutes or 
C3 transferase (0.1 µg/ml) for 3 hours, respectively,  prior to the addition of the beads. 
 
Immunocytochemistry 
Following phagocytosis of IgG coated beads, RAW264.7 cells were fixed with 
4% paraformaldehyde for 15 minutes.  Cells were washed 3 times with PBS and 
permeabilized with 0.1% Triton X in PBS for 3 minutes, blocked with 2% BSA in PBS 
for 30 minutes, and stained with rhodamine phalloidin (Invitrogen; Eugene, OR) in 2% 
BSA for 30 minutes and Hoechst 33342 (Invitrogen; Eugene, OR) in 2% BSA for 2 
minutes following manufacturers specifications. Fluorescent images were captured using 
a Zeiss Axiovert 200 microscope (Zeiss, Germany). 
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Immunoprecipitation and Western Blot  
Following exposure to ethanol or bead phagocytosis, cells were 
immunoprecipitated using the protocol provided with the EZ-Detect Rac1 Activation Kit 
(Pierce, Rockford, IL).  Briefly, culture medium was removed and rinsed once with ice-
cold PBS.  100 µL Lysis/Binding/Wash buffer was added per well.  Cells were scraped, 
transferred into a microcentrifuge tube, vortexed briefly, and incubated on ice for 5 
minutes.  During incubation, 20 mg of GST-human Pak1-PBD was added to the 
Glutathione Resin cube in a spin cup with collection tube.  500 µg of cell lysate was 
added to the cup containing the resin, sample was vortexed, and incubated at 4°C for 1 
hour.  Resin was washed 3 times for 20 seconds at 6000xg.  50 mL of reducing sample 
buffer was added (2.5 µL β-mercaptoethanol plus 50 µL of 2x Sample Buffer).  Samples 
were then centrifuged for 2 minutes at 6000xg and heated for 5 minutes at 95-100°C.  
Eluted samples could then be stored at -20°C or electrophoresed on a gel (25 mL per 
lane). 
Cell extracts or immunoprecipitates were electrophoretically separated on Ready 
Gels Tris-HCL, 4-20% (BioRad; Hercules, CA) at 104 volts for 1 hour as previously 
described (Goral et al., 2004).  Proteins were electroblotted onto immobilon-P blotting 
membrane at 200 mAmps for 1 hour.  Membranes were subsequently blocked in 3% 
nonfat milk in 0.5% tween PBS for 30 minutes rocking at room temperature.  After three 
10 minute washes with TEN (25 mM Tris pH7.5, 4 mM EDTA pH8.0, 5.6 mM NaCl), 
membranes were incubated at 4oC overnight with primary antibody in 3% nonfat milk.  
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Primary antibodies against Rac (Pierce, Rockford, IL) and Vav (Upstate, Jaffrey, NH) 
were used following electrophoresis at the manufacturers suggested dilutions.  The 
primary antibody was followed by three 10 minute washes with TEN followed by 
secondary goat-anti-rabbit (Abcam, Cambridge, MA) or rabbit-anti-mouse (Abcam, 
Cambridge, MA) antibodies at 1:5000 dilution for 1 hour in 3% nonfat milk diluted in 
0.5% tween PBS.  Membranes were developed with SuperSignal West Dura 
Luminol/Enhancer solution and Peroxide Buffer (ThermoScientific, Waltham, MA) and 
evaluated via densitometric analysis using the BioRad Chemi Dock XRS. 
 
Statistical analysis 
Data are expressed as mean ± SEM of each group. Data were analyzed by 
Student’s t-test or ANOVA, followed by post hoc Tukey test using Instat 3 (Graphpad; 
La Jolla, CA). A value of p ≤0.05 was considered significant. 
 
 
 
 
 
RESULTS 
 
Importance of Rac and Rho during FcγR-mediated phagocytosis 
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 The first task was to gain a better understanding on the importance of the small 
GTPases Rac and Rho in this model of FcγR-mediated phagocytosis.  To achieve this, 
RAW264.7 cells were cultured with either a Rho inhibitor C3, a Rac inhibitor 
NSC23766, or a combination of either of these inhibitors plus ethanol prior to the 
addition of IgG coated beads to the culture.  We followed this by measuring the ability of 
these cells to induce actin polymerization to the site of the phagosome.  These data reveal 
that, as previously reported, there is an ethanol mediated suppression (~ 40%) in actin 
polymerization following FcγR-activation compared to cells that were not previously 
exposed to ethanol (Figure 23).   Additionally, we observed a 45% decrease in the 
percent of phagosomes in which F-actin was recruited to, following inhibition of Rac 
(Figure 23).  The combination of NSC23766 and ethanol prior to FcγR-mediated 
phagocytosis did not result in an additive effect, decreasing actin polymerization by 50% 
(Figure 23).  In contrast, exposure of RAW264.7 cells to C3 did not alter FcγR-mediated 
actin polymerization to the phagosome (Figure 23).  The combination of ethanol and C3 
pretreatment suppressed actin polymerization to the phagosome by 40% (Figure 23).  
This was not different compared to the level of suppression seen with ethanol 
pretreatment alone.  These data suggest that Rac is more important in FcγR-mediated 
actin polymerization during phagocytosis compared to Rho, and there is no synergistic 
effect when pre-treating cells with NSC23766 and ethanol. 
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Figure 23: The importance of Rac and Rho in actin polymerization during FcγR-
mediated phagocytosis.  RAW264.7 cells were cultured with 50 mM ethanol for 3 hours, 
NSC23766 (100 µM for 30 minutes), C3 (0.1 µg/ml) for 3 hours, or the combination of 
ethanol plus NSC23766, or ethanol plus C3.  Inhibition of Rac, but not Rho, suppressed 
actin polymerization to the phagosome to the extent that ethanol alone did.  The 
combination of ethanol and either C3 or NSC23766 did not inhibit actin polymerization 
more severely than ethanol alone.  *p<0.05 compared to control, as measured by Tukey-
Kramer Multiple Comparisons Test following ANOVA.  Results are the average of 3 
independent experiments.  Each experiment consisted of 30-60 phagocytic cells per 
condition.
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Effect of acute ethanol exposure on RAW264.7 Rac activity 
 
 Due to the role Rac plays, and conversely, the lack of importance observed with 
Rho in this model of FcγR-mediated phagocytosis, the next step was to investigate the 
effect of ethanol on Rac activity in RAW264.7 cells.  RAW264.7 macrophage cultured 
for 3 hours with media containing 50 mM ethanol exhibit a decrease of ~50% in their 
basal Rac activity, as measured by total GTP bound Rac, compared to RAW264.7 cells 
cultured with control media (Figure 24).  Expression of total Rac in RAW264.7 cultured 
with ethanol did not vary from the expression levels in cell cultured under control 
conditions.  Active, GTP bound Rac, was immunoprecipitated from total cell lysates and 
probed for total Rac.  The decrease in Rac activity prior to phagocytosis may affect 
phagocytic potential of macrophages. 
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Figure 24: Basal Rac activity following exposure to ethanol.  RAW264.7 cells were 
cultured with control media or media containing 50 mM ethanol for 3 hours. Lysates 
were probed for total Rac following immunoprecipitation specific for GTP-bound Rac 
(active Rac) or western blot of total lysates (Total Rac) (A).  Densitometric analysis 
reveals 50% decrease in Rac activity following ethanol exposure compared to control 
conditions (B).  n=3 per group, *p<0.05 compared to control, as measured by Students t-
test.  Results are the normalized mean of 3 individual experiments. 
 
 
 
 
 
* 
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Rac activity during FcγR-mediated phagocytosis 
 The importance of Rac during the actin polymerization stage of phagocytosis was 
observed above, but the effect of ethanol pretreatment on its activation during FcγR-
mediated phagocytosis has yet to be elucidated.  RAW264.7 cells co-cultured with IgG 
coated beads induced a 150% increase in Rac activity, as measured by the amount of 
GTP-bound Rac, after 10 minutes of phagocytosis, compared to the 0 minute time point 
(Figure 25).  Exposing RAW264.7 cells to 50 mM ethanol for 3 hours prior to FcγR-
mediated phagocytosis resulted in a 40% activation of Rac after 10 minutes.   The blunted 
decrease in Rac activity in the ethanol pretreated cells compared to the control cells may 
explain the reduced phagocytic function of cells exposed to ethanol. 
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Figure 25: Effect of ethanol on Rac activation during FcγR-mediated phagocytosis.  
RAW264.7 macrophages exposed to control media or media containing 50 mM ethanol  
for three hours were co-cultured with IgG coated beads to initiate FcγR-mediated 
phagocytosis for 0, 5, 10, or 15 minutes.  Cells were subsequently lysed and active Rac 
was pulled down using GST-RacPAK-PBD, followed by probing with an antibody 
against total Rac via western blot analysis (A and B).  Blots were quantified by after 0, 5, 
10, and 15 minutes of FcγR-mediated phagocytosis in control (C) and ethanol (D) 
exposed RAW264.7 cells. *p<0.05 compared to 0 minutes, # p<0.05 compared to 0 and 5 
minutes, as measured by Student's t-test.  Results are the normalized mean of 4 
independent experiments, each lane represents an individual sample.  GST-RacPAK-
PBD-Glutathione S-transferase-Rac p21 activated kinase- p21 binding domain. 
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Impact of ethanol on Vav-Rac interactions during FcγR-mediated phagocytosis 
 Small GTPases utilize GEFs as a primary source of enhancing GDP catalysis to 
GTP.  Therefore, we sought to determine the effects of ethanol on the binding of 
VavGEF to Rac during FcγR-mediated phagocytosis (Figure 26).   To accomplish this, 
Rac was immunoprecipitated from RAW264.7 cell lysates at various times during 
phagocytosis.  This was followed by blotting for Vav, a known activator of Rac.  We 
observed a similar response of Vav binding to Rac following 10 minutes if IgG bead 
phagocytosis in control cells as with cells previously exposed to ethanol.  This suggests 
an alternative means by which ethanol suppresses Rac activation.   
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Figure 26:  Rac bound Vav during FcγR-mediated phagocytosis following exposure to 
ethanol.  RAW264.7 macrophages exposed to control media or media containing 50 mM 
ethanol  for three hours were co-cultured with IgG coated beads to initiate FcγR-mediated 
phagocytosis for 0, 5, 10, or 15 minutes.  Cells were subsequently lysed and Rac was 
pulled down, followed by probing with an antibody against Vav (A and B).  Blots were 
quantified by after 0, 5, 10, and 15 minutes of FcγR-mediated phagocytosis in control (C) 
and ethanol (D) exposed RAW264.7 cells. Results are the mean of two independent 
experiments with standard deviation range.  Each lane represents an individual sample. 
 
DISCUSSION 
 The ability of cells to phagocytose substances in their environment allows for the 
clearance of debris from organs, removal of apoptotic and injured cells, and the 
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destruction of pathogens.  This process is typically controlled by receptors on phagocytic 
cells such as macrophages, and is required for protecting oneself from infection from the 
early stages of development to advanced age.  A loss in a cell’s ability to phagocytose 
pathogens not only leaves the subject more susceptible to infection, but also delays 
clearance of the pathogenic organism, ultimately allowing greater potential for 
establishing an infection within a tissue (Dahmer et al., 2005; Yuan et al., 2008).   
 Though many clinical and laboratory studies have shown that both the 
consumption of alcohol or the exposure of cells to ethanol result in a loss of phagocytosis 
(Castro et al., 1993; Morland and Morland, 1984; Rimland and Hand, 1980; Schopf et al., 
1985; Zuiable et al., 1992), limited studies have reported mechanisms by which chronic 
exposure to ethanol may exert these effects (Brown et al., 2004; Joshi et al., 2005).  One 
study proposed that attenuated membrane expression of the GM-CSF receptor contributes 
to decreased phagocytosis following chronic ethanol exposure (Joshi et al., 2005).  
Specifically, chronic ethanol ingestion reduced cellular expression and nuclear binding of 
transcription factor PU.1, known to activate GM-CSF.  Phagocytosis, GM-CSF receptor 
expression, and PU.1 protein expression and nuclear binding were restored by 
administration of recombinant GM-CSF to ethanol exposed rats.  In addition to GM-CSF 
dysregulation with chronic exposure to ethanol, low glutathione levels have been 
documented to impair phagocytosis. Resident alveolar macrophages exhibit decreased 
phagocytic potential of microorganisms which lead to an increased risk of pneumonia in 
rats chronically fed ethanol (Brown et al., 2004).    Supplementation with glutathione 
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precursors to the diet restored alveolar macrophage function and decreased sensitivity to 
endotoxemia-induced acute lung injury.  While there is limited literature focused on how 
chronic ethanol exposure impairs phagocytosis, even less is known concerning the 
mechanism by which acute exposure to ethanol impairs this critical cellular function.  In 
this chapter, we sought to extend the current understanding of how ethanol suppresses 
FcγR-mediated phagocytosis by focusing on the small GTPase control of phagocytosis.  
With the knowledge that small GTPases play a major role in phagocytosis, we focused 
this study on elucidating the effects of ethanol on small GTPase activity during 
phagocytosis and how these alterations may relate to the suppression in actin 
polymerization following ethanol exposure.  Details of FcγR-mediated phagocytosis have 
been thoroughly explained in Chapters 2 and 4, and will not be repeated in this chapter. 
 In the absence of a phagocytic stimulus, these data reveal that in response to 
ethanol, RAW264.7 cells have decreased basal levels of Rac compared to cells cultured 
in medium alone.  These data were consistent with other studies that measured Rac 
activity in various cell types following ethanol exposure (Guasch et al., 2007; Joshi et al., 
2006).  Utilizing an inhalation model of ethanol administration, ethanol-saturated air was 
inhaled by 7-day old rat pups for 3 hours, resulting in a BAC of approximately 40 mM 
(Joshi et al., 2006).  Isolated cerebellar neurons from ethanol exposed pups displayed 
attenuated neurite formation and Rac1 activity.  Subjecting the pups to ethanol-saturated 
air for 5 hours resulted in a BAC of 80 mM, and inhibited Rac1 while activating RhoA 
compared to cells isolated from pups that were not exposed to ethanol. A study from 
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Martinez et al. showed that rat astrocytes cultured with 30 mM ethanol for 7 days resulted 
in decreased RhoA and Rac1 activity compared to astrocytes grown in control media 
(Martinez et al., 2007).  These authors attributed these observations to increased RhoGAP 
activity. Astrocytes exposed to 10 mM ethanol for 10 or 30 minutes showed an induction 
of RhoE, which in turn inhibits RhoA and Rac activity (Guasch et al., 2007).  Cells not 
derived from the CNS have also showed ethanol mediated modifications in small 
GTPases.   Hepatocytes isolated from rats fed a liquid diet containing ethanol for 5 weeks 
showed attenuated active Rac and Cdc42 compared to control pair-fed rats, but no 
differences in the GTP-bound form of RhoA (Schaffert et al., 2006).  One study 
approached the importance of small GTPases following ethanol exposure by measuring 
the sedating effects of ethanol after modifying RhoGAP expression.  Drosophila mutants 
with a disrupted RhoGAP18B gene were strongly resistant to the sedating effects of 
ethanol vapor (Rothenfluh et al., 2006).  This was apparent when measuring the 
locomotion speed of the flies and their loss-of-righting.  A lack of functionally active 
RhoGAP18B, which normally activates the intrinsic GTPase activity, was reversed by 
suppressing the levels of Rho1 or Rac, implicating that GTPases are involved in the 
behavioral response to ethanol.  The study also showed that expression of constitutively 
active forms of Rho1 or Rac resulted in similar resistance as observed in RhoGAP18B 
mutants.  These data suggest that small GTPase suppression by ethanol may not only 
inhibit signaling pathways in cells but may also be a causal factor for the sedating effect 
observed after ethanol exposure.   
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 This study represents the first documented data linking decreased phagocytosis 
following acute ethanol exposure to suppressed Rac activity, though the control of 
phagocytosis by small GTPases has been examined extensively.  Focusing on FcγR-
mediated phagocytosis, stimulation of this receptor has been shown to activate Rac in 
J774A.1 macrophages, Cdc42 in RAW264.7 macrophages, and both Rac and Cdc42 in 
FcγR-transfected COS cells (Kant et al., 2002; Niedergang et al., 2003; Patel et al., 2002).  
Moreover, RAW264.7 and J774.A1 cell lines were incapable of phagocytosing IgG 
opsonized erythrocytes following transfection with the dominant negative Rac1 or Cdc42 
plasmid, Rac1N17 or CdcN17, respectively (Caron and Hall, 1998; Cox et al., 1997).  
Studies by Castellano et al. have also revealed that clustering of constitutively active 
Rac1 or Cdc42 leads to increased actin rearrangement and particle engulfment 
(Castellano et al., 2000; Castellano et al., 1999), effects observed to be suppressed 
following acute ethanol exposure (Chapter 4).  Collectively, the presented data are in line 
with others' published observations that Rac controls FcγR-mediated phagocytosis and is 
important in actin reorganization during phagocytosis.   
 In contrast to the suppressive effect Rac inhibition had on actin polymerization 
during FcγR-mediated phagocytosis, the blocking of Rho activation did not have any 
effect during this process.  This parallels studies which show J774 macrophages or FcγR-
transfected COS cells have normal FcγR-mediated phagocytosis and actin recruitment to 
the phagosome following C3 transferase exposure or transfection with a dominant 
negative Rho plasmid (Caron and Hall, 1998; May et al., 2000; May and Machesky, 
126 
 
                                                                                                                                                                                                                      
                   
2001).  Two groups have reported conflicting data with regard to the importance of Rho 
during FcγR-mediated phagocytosis (Hackam et al., 1997; Hall et al., 2006).  The first 
showed that microinjection of J774 macrophages with C3 ablated FcγR-mediated calcium 
signaling, phagocytosis, and actin polymerization to the phagosome (Hackam et al., 
1997).  In the second study, bone marrow derived macrophages treated with C3 
demonstrated decreased FcγR-mediated phagocytosis, but had no alterations in actin 
polymerization to the phagosome (Hall et al., 2006).  Though consistency in the literature 
regarding which small GTPase plays a dominant role during FcγR-mediated phagocytosis 
may be elusive, the importance of small GTPases during phagocytosis is well established.   
 Despite the significance of small GTPase activity in phagocytosis, the regulation 
of small GTPases during FcγR-mediated phagocytosis has been minimally studied.  The 
recruitment of the RacGEF Vav was observed during phagocytosis of IgG-opsonized 
erythrocytes, but not C3bi-coated erythrocytes by the macrophage cell line J774.A1 
(Patel et al., 2002).  Moreover, suppression of Vav by dominant negative Vav 
transfection, showed inhibition of FcγR-mediated phagocytosis to a similar extent 
observed by blocking Rac of Cdc42.  The use of a dominant negative Vav did not alter 
complement-mediated phagocytosis.   With the use of the dominant negative Cdc42 
transfection, the authors also showed that Rac recruitment and activation was 
independent of Cdc42 activity during FcγR-mediated phagocytosis.  Though this study 
did not find that ethanol alters Vav binding to Rac during FcγR-mediated phagocytosis, 
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the regulation of small GTPase are not limited to GEFs, but also are strongly influenced 
by RhoGDIs and RhoGAPs.     
 The mechanism involved in the observed suppressive effects of acute exposure to 
ethanol during FcγR-mediated phagocytosis has remained elusive prior to this study.  
Small GTPases and their control of the actin cytoskeleton have been known to modulate 
many cellular functions including phagocytosis, chemotaxis, cytokine production, and 
cell division.  The suppression of Rac and subsequent actin polymerization following 
acute ethanol exposure during phagocytosis may provide mechanistic insight about other 
cellular function known to be suppressed by ethanol exposure.  The study of how ethanol 
can inhibit phagocytosis not only enhances our understanding of how to respond to 
immune suppression following exposure to ethanol, but also may allow the development 
of treatments for the immunosuppressive effects of ethanol. 
                                                                                                                                                                                                                                                                                                                                                                                                                                          
               
                                                                   128                                                                                                                                                   
                   
 
 
 
CHAPTER VI  
 SUMMARY AND DISCUSSION  
Summary of the Main Findings 
 
1. Acute in vivo ethanol exposure decreased LPS stimulated splenic adherent cell 
secretion of IL-6, TNF-α, and IL-12 in a dose and time dependent manner. 
2. P. aeruginosa phagocytosis by alveolar macrophages and the RAW264.7 macrophage 
cell line was attenuated by acute by in vivo and in vitro ethanol exposure.  
3. FcγR-mediated actin polymerization at the site of the phagosome was reduced in 
alveolar macrophages and RAW264.7 cells after acute ethanol exposure. 
4. RAW264.7 cells cultured with ethanol demonstrate increased basal paxillin and 
vinculin phosphorylation. 
5. Vinculin phosphorylation was suppressed in RAW264.7 macrophages cultured with 
ethanol prior to FcγR-mediated phagocytosis. 
6. Following ethanol exposure, RAW264.7 macrophages have decreased basal Rac 
activity and reduced Rac activity during FcγR-mediated phagocytosis. 
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Discussion 
 
 Herein, this discussion will describe how these data contribute to the current body 
of literature, with a specific focus on cytokine production, adhesion and actin assembly, 
and small GTPase control of FcγR-mediated phagocytosis following acute ethanol 
exposure.  In the interpretation of this work, consideration of other studies that have 
focused on the aforementioned functions and mechanisms, in the context of acute or 
chronic ethanol exposure as well as in the absence of ethanol, will be presented.  The 
approach begins with elaborating how acute ethanol exposure affects cytokine 
production, particularly focusing on pathways that involve MAPKs and NF-κB, plus 
describing how incorporation of ethanol into the plasma membrane can alter cytokine 
release.  In addition, the role of the small GTPase Rac in regards to MAPK activity and 
subsequent cytokine production will be expounded.  This will be followed by analysis 
and interpretation of the adhesion and actin data described in Chapter 4.  The later part of 
this discussion will focus on small GTPase control of phagocytosis, and comment on the 
impact of TLRs on phagocytosis in the context of our model.  In conclusion, a potential 
single molecular target of ethanol will be proposed plus alternative explanations and 
future directions for the project will be described. 
 
 Ethanol exposure alters a variety of physiologic functions, including regulation of 
the immune response and promoting increased susceptibility to infection.  In particular, 
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acute ethanol exposure suppresses the inflammatory response and innate immune cell 
phagocytosis, compromising the first line of defense against pathogens, tissue injury, and 
malignancy.  In contrast, prolonged ethanol abuse has been linked with a heightened 
inflammatory state in organs such as the liver.  Specifically, proinflammatory cytokines 
have been detected in the circulation of alcoholics and animals chronically subjected to 
ethanol (Khoruts et al., 1991; McClain et al., 1993).  In either case, this disruption of the 
"normal" immune response can increase vulnerability to infectious challenge and impair 
proper clearance of these infectious organisms.   
 The first part of this study focused on measuring the dose-dependent and temporal 
effects of ethanol on the magnitude and duration of proinflammatory cytokine 
production.  Though the suppressive effects of ethanol on cytokine production has been 
frequently observed utilizing doses from 0.08 – 0.5% ethanol (Goral et al., 2004; Goral 
and Kovacs, 2005; Pruett et al., 2003; Pruett et al., 2004a; Szabo et al., 1996; Zhang et 
al., 1997), only a handful of studies have provided a mechanism by which ethanol is 
imposing its effects (Goral and Kovacs, 2005; Mandrekar et al., 1999; Pruett et al., 
2004a; Szabo et al., 2007). Previous studies in the Kovacs laboratory utilizing a higher 
dose of 2.9 g/kg ethanol in vivo, showed that ethanol attenuated TNF-α and IL-6 
production in adherent splenocytes following stimulation with LPS (Goral et al., 2004; 
Goral and Kovacs, 2005).  These reports went on to show that attenuated cytokine 
production in ethanol exposed cells given LPS, can be partially explained by lower 
ERK1/2 and p38 phosphorylation (Figure 27), two signaling molecules of critical 
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importance during TLR4-mediated IL-6 and TNF-α production (Carter et al., 1999).  
Furthermore, the decreased cytokine production was found to be not limited to TLR4 
activation, as reduced cytokine production was observed following stimulation by LPS, 
zymosan, and CpG DNA which bind to TLR4, TLR2, and TLR9, respectively.  Although 
different individual receptor agonists were not used, these studies were complimented by 
using a purified alveolar macrophage population and stimulating these cells with live 
E.coli, which would activate multiple PRRs, in addition to using LPS. In the isolated 
alveolar macrophage population exposed to ethanol, E. coli- or LPS-induced TNF-α and 
IL-6 production was blunted as compared to untreated cells.   These data extend previous 
findings, further implicating ethanol induced impairment of TLR4- and PRR-mediated 
cytokine production in an isolated macrophage population.   
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Figure 27: Suppressive effects of acute exposure to ethanol on cellular pathways.  
Ethanol has been shown to decrease phosphorylation of ERK1/2 and p38, activation of 
PAKs, DNA binding of NF-κB, and IκB phosphorylation, ultimately leading to decreased 
proinflammatory cytokine release.  Additionally, ethanol can become incorporated into 
the plasma membrane, hindering aggregations of receptors such as TLR4 and CD14. 
Lightning bolt- known suppressive effects of acute ethanol exposure, TLR-Toll-like 
receptor, PAK-p21 activated kinase, MAPK-mitogen activated protein kinase, NF-κB-
nuclear factor-κB 
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 In addition to the previous studies from the Kovacs laboratory that implicate 
reduced MAPK activity following ethanol exposure, others have attributed the observed 
ethanol-induced suppression of cytokine production to blunted nuclear translocation of 
NF-κB (specifically the p65 subunit, and to a lesser extent the p50 subunit), p65/50 
binding to DNA, and IκBα phosphorylation (Figure 27) (Mandrekar et al., 1999).  
Following isolation of monocytes from healthy donors, decreased TNF-α and IL-1β 
mRNA expression was associated with changes in NF-κB regulation in cells exposed to 
25 mM (equivalent to 115 mg/dl in vivo) ethanol and LPS stimulation ex vivo, compared 
to cells stimulated with LPS alone.  These data further support ethanol's role in impairing 
the inflammatory response, as decreased signaling and proinflammatory cytokine 
production would, in turn, suppress the IL-1β, TNF-α, and IL-6 driven fever response 
and ability to mount an effective defense against infectious pathogens (Figure 27).     
   Several possible upstream mechanisms have been suggested to contribute to the 
reduction in TLR4 activation-mediated cytokine production following acute ethanol 
exposure. Though considered an extremely high dose, a single 5 g/kg intragastric 
administration of ethanol diminished the expression of TLR4 mRNA in mouse liver at 2 
and 4 hours following ethanol exposure, which explained the decreased sensitivity of 
Kupffer cells to LPS (Nishiyama et al., 2002).  Moreover, following acute exposure, 
ethanol can be incorporated into the plasma membrane, directly affecting membrane 
fluidity and subsequent lipid raft stability in addition to physically hindering receptor 
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aggregation.  Szabo's group showed that ethanol can inhibit TLR4 engagement with 
CD14 in lipid rafts, the region where these molecules would co-localize following LPS 
stimulation, suggesting impaired activation and cognate downstream signaling 
(Dolganiuc et al., 2006; Szabo et al., 2007).   In addition to prohibiting aggregation 
between TLR4 and CD14, acute exposure to ethanol has been associated with increased 
membrane fluidity in rat liver hepatocytes, a phenomenon that is maintained following 
chronic alcohol exposure in these cells (Benedetti et al., 1994; Polokoff et al., 1985; 
Yamada and Lieber, 1984).  Recently, this ethanol-induced increase in membrane fluidity 
has been attributed to ROS generation following the metabolism of ethanol (Sergent et 
al., 2005).  This increase in membrane fluidity would destabilize lipid rafts, further 
compromising TLR activation and cytokine production. Taken together, the increase in 
membrane fluidity and receptor hindrance caused by ethanol incorporation into the 
plasma membrane in conjunction with downstream ethanol-induced signaling defects 
may act in concert to suppress cytokine production (Figure 28). 
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Figure 28:  Known and novel effects of acute exposure of ethanol on pathways 
downstream of the FcγR. Acute ethanol exposure has been shown to inhibit cytokine 
production by suppressing PAK and ERK activity as well as the aggregation of TLR4 
with CD14 in lipid rafts (open bolts).   The observed suppression in Rac activity 
following acute ethanol exposure can partially explain the attenuation in adhesion 
phosphorylation and actin polymerization following FcγR activation (closed bolts).  It 
may also explain the decreases in cytokine production following TLR stimulation, 
through its interactions with PAK and ERK.  TLR-Toll-like receptor, PAK-p21 activated 
kinase, NF-κB-nuclear factor-κB LIMK-LIM domain kinase, FAK-Focal adhesion 
kinase, ERK-Extracellular signal related kinase, FcγR-Fcγ receptor. 
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As the effects of ethanol on innate immune function may be pleiotropic, it is 
important to consider various mediators of cytokine production which can be affected by 
ethanol. Though not measured directly, a decrease in the activation of the Rho family of 
small GTPases, as observed after acute ethanol exposure in this study, may play a critical 
role in regulation of cytokine production. This paragraph will focus on how the small 
GTPase Rac, in the absence of ethanol, regulates effectors of cytokine production, 
specifically p38 and ERK1/2 (Figure 27).  Later, the discussion will include the 
modulation of the small GTPase Rac activity by ethanol.  The utility of Rac in cytokine 
production has been observed in the context of cytokine or TLR-agonist stimulation 
(Nosaka et al., 2001; Patel and Corbett, 2003; Woo and Kim, 2002).  For example, TNF-
α activation of the murine fibrosarcoma cell line L929 induced ERK phosphorylation 
through activation of  Rac (Nosaka et al., 2001).  The importance of Rac became apparent 
when dominant negative Rac transfection of L929 cells resulted in ablated ERK 
phosphorylation in response to TNF-α, highlighting upstream control of ERK by Rac. 
Furthermore, studies have shown TLR4 stimulation of THP-1 monocytic cells resulted in 
induction of Rac activity (Patel and Corbett, 2003).  A similar effect was observed in Rat-
2 fibroblasts, as LPS induced the activation of ERK and p38 MAPK in a Rac-dependent 
manner, suggesting a mediatory role of Rac in MAPK signaling following TLR 
stimulation (Woo and Kim, 2002).  Considering the suppressive effect of ethanol on 
MAPK activity and the control of MAPKs by Rac, these data demonstrating attenuated 
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Rac activity in ethanol exposed macrophages, supports a potential connection between 
Rac activity and reduced cytokine production after acute ethanol exposure (Figure 28).    
 To further elucidate the mechanisms through which acute exposure to ethanol 
suppresses immune mediated responses, we targeted known mechanisms (adhesions and 
actin cytoskeleton) involved in ethanol suppressed FcγR-mediated phagocytosis.   This 
study revealed that alveolar macrophages and RAW264.7 cells exposed to either 2.2 g/kg 
in vivo or 50 mM in vitro ethanol, respectively, are less capable of inducing actin 
polymerization around the phagosome following activation via the FcγR (Figure 28).  
The ability of ethanol to modify actin polymerization has been previously observed.  
Following stimulation with LPS, RAW264.7 cells will cluster TLR4 and CD14 at the 
level of the cell membrane, which was shown to be controlled by actin polymerization at 
these foci (Dai and Pruett, 2006).  Pre-treating these cells with 0.4% w/v ethanol for 10 
minutes prior to LPS stimulation, attenuated actin mediated TLR4 and CD14 
aggregation, to the same extent as cytochalasin D, an actin depolymerizer.  Other cell 
types, including primary astrocytes and PMNs, have altered actin regulation following 
exposure to ethanol (Allansson et al., 2001; Zhang and Spitzer, 1997).  Isolated astrocytes 
from rat cerebral cortex, showed a peripheral, or cortical actin distribution following 10 
minutes of 100 mM ethanol compared to cells in control media (Allansson et al., 2001).  
Total polymerized actin, or F-actin, was increased following fMLP stimulation of PMNs 
isolated from rats receiving ethanol infusion for 3 hours (peak 180 mg/dl for males, 200 
mg/dl for females) compared to cells isolated from control rats (Zhang and Spitzer, 
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1997).  In this study, F-actin was measured by staining the polymerized actin and 
quantifying the fluorescent intensity by flow cytometry.  However, this report did not 
consider the increase in actin polymerization in the context of total actin level or 
determine the effect of ethanol on actin distribution.  While it is clear that ethanol impacts 
actin polymerization, there are no publications to date that suggest the mechanisms by 
which ethanol may contribute to actin dysregulation. As adhesion molecules and small 
GTPases function as binding partners and regulators of actin, respectively, ethanol 
induced alterations in these mediators may contribute to aberrant actin polymerization 
and will be discussed below. 
 The presented data showed phosphorylation of the adhesion molecule vinculin, 
but not paxillin, is inhibited during FcγR-mediated phagocytosis in RAW264.7 cells 
exposed to ethanol for 3 hours.  This contrasted with basal paxillin and vinculin 
phosphorylation, where exposure to ethanol induced phosphorylation of these adhesion 
molecules.  The current study’s observations are consistent with other published reports 
in which ethanol triggers elongated and thicker focal adhesions after short term exposure 
in primary cultures of 21-day old rat pup astrocytes (Guasch et al., 2003) and the breast 
cancer cell line, MCF7 (Xu et al., 2010).  One way ethanol was shown to affect focal 
adhesion formation was through augmented FAK activity.   MCF7 cells treated with 
ethanol have augmented focal adhesion formation measured by elevated paxillin at the 
level of the substrate compared to cells not exposed to ethanol (Xu et al., 2010).  The 
authors attributed the enhanced focal adhesion formation to an increase in 
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phosphorylation of FAK at Tyr861, but not Tyr397, following ethanol exposure.  
Because the present study focused on FAK activity by measuring Tyr397 
phosphorylation, FAK activation by phosphorlaytion at Tyr861 were not studied, limiting 
the ability to conclude ethanol’s effect on FAK in this model.  
 Also critical to discuss is the observed dichotomy in adhesion phosphorylation 
following ethanol exposure prior to and post receptor stimulation.  This dichotomy may 
be explained in at least two ways, either in the context of focal adhesion synthesis or in 
regards to the subtype of adhesion formation.  Again, this study demonstrates increases in 
paxillin and vinculin phosphorylation seen following ethanol exposure, but prior to 
receptor activation.  First, it is important to note that the effect of ethanol on basal focal 
adhesion phosphorylation is measured on a pre-existing focal adhesion scaffold.  In 
contrast, when monitoring the adhesion phosphorylation during FcγR-mediated 
phagocytosis, we are seeing the effects of ethanol on de novo adhesion formation.  
Second, the type of adhesion being formed must be taken into consideration.  We propose 
that the adhesions occurring at the site of the phagosomes are more closely related to 
podosomes rather than traditional focal adhesions.  Familiar to both podosome and FcγR-
mediated adhesion formation, but absent in focal adhesions, are the utilization of Src 
kinases, the small GTPase Rac, and the phosphorylation of Wiskott-Aldrich syndrome 
protein (Aderem and Underhill, 1999; Park and Cox, 2009; Sarmay et al., 1994).  This 
contrasts focal adhesions which have been shown to be controlled by the small GTPase 
Rho.  Furthermore, the kinetics of phagosomal and podosomal adhesion formation occur 
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more rapidly (15-20 minutes) than the rate of conventional substrate focal adhesion 
formation (1-3 hours), highlighting the importance of a more dynamic, responsive 
adhesion process during phagocytosis (Linder and Aepfelbacher, 2003; Zamir et al., 
1999).  This diverse regulation of varying adhesion types may explain the differential 
effects observed after acute ethanol exposure.  Though one can speculate why there might 
be dichotomous regulation of adhesions prior to and following FcγR-activation, currently, 
there is a void in the literature regarding the effects of ethanol on adhesion molecules 
during phagocytosis.  Besides adhesion molecules and cytoskeletal elements controlling 
FcγR-mediated phagocytosis, an alternative approach could be to study the effects of 
ethanol on small GTPase in this model. 
 Despite the extensive documentation of the control of phagocytosis by small 
GTPases, published data are conflicting concerning their overall contribution to 
phagocytosis modulation.  In contrast, the number of reports describing the effects of 
acute exposure to ethanol on small GTPases is not as abundant, but less contradictory.  
The results from this study support the published data that propose Rac is the dominant 
GTPase during FcγR-mediated phagocytosis, and Rho does not seem to affect actin 
polymerization following FcγR-activation (Caron and Hall, 1998; Cox et al., 1997).  
Moreover, this research revealed that acute ethanol exposure suppresses basal Rac 
activity as well as Rac activation during FcγR-mediated phagocytosis.  This is not 
surprising as this small GTPase is necessary for lamellipodial extension and migration, 
and studies have previously shown that ethanol blunts a cell's chemotaxis towards a 
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stimulus.  Additionally, actin polymerization at the site of the phagosome is known to be 
controlled by Rac (Castellano et al., 2000).  A decrease in Rac activity may partially 
explain the suppressed actin polymerization observed after FcγR stimulation in ethanol 
exposed cells.  Rac has also been associated with phagosomal adhesion formation which 
may explain why we see a decrease in vinculin phosphorylation during FcγR-mediated 
phagocytosis, but would not support the increases in basal paxillin and vinculin 
phosphorylation observed after ethanol exposure.  This is not a major concern as 
alterations in active Rac may be less influential in focal adhesion formation, a process 
reportedly under the control of Rho.  In support of this, cerebellar granule neurons 
exposed to similar doses of ethanol (40 and 80 mM) used in this model, had suppressed 
Rac1 activation and increased RhoA activity, suggesting that basal elevations in 
phosphorylated paxillin and vinculin may be attributable to enhanced Rho activation 
(Joshi et al., 2006).  Other studies showed that astrocytes exposed to 10 mM ethanol for 
10 minutes may indirectly suppress Rac activity by inducing RhoE activation, a known 
inhibitor of Rac (Guasch et al., 2007).  The current study attempted to explain the 
ethanol-induced decrease in Rac activity prior to and during FcγR-mediated phagocytosis 
by measuring the RacGEF Vav.  Unfortunately, we were not able to attribute the blunted 
Rac activity to altered levels of Vav binding to Rac following acute ethanol exposure.  
The defect in Rac activity we observed can explain the inhibition in actin polymerization 
to the phagosome and the decreased bacterial phagocytosis following ethanol exposure 
(Figure 28).  This discussion will not repeat the numerous studies that have shown the 
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suppressive effects of ethanol on pathogen phagocytosis, but rather, highlight that this is 
the first study to mechanistically explain how ethanol is inducing this suppression. 
   
 
Alternative explanations and future studies 
 
 This dissertation detailed a number, though not exhaustive, of possible 
explanations by which ethanol suppresses FcγR-mediated phagocytosis (Figure 28).  The 
inhibitory role ethanol plays during phagocytosis can be potentially explained by 
alterations in receptor levels.  The present study measured the expression of the FcRs but 
excluded measuring receptor aggregation, as unlike the FcεR, the FcγR has not been 
shown to aggregate in the lipid rafts of the cell membrane (Field et al., 1995).  It is 
unlikely therefore, that ethanol hinders this receptor's clustering as it does with TLR4 and 
CD14.  Future studies could include measuring the effects of ethanol on receptor tyrosine 
phosphorylation following FcγR-mediated phagocytosis.  Because receptor 
phosphorylation is upstream of the observed ethanol induced decreases in actin 
polymerization, vinculin phosphorylation, and Rac activation, an understanding of the 
effect of ethanol on receptor activation would allow a more complete picture of the 
effects of ethanol during phagocytosis.  Currently, there are no antibodies against 
phosphotyrosine regions of rodent FcγRs, but future availability would support a more 
thorough understanding of ethanol-induced suppression in FcγR-mediated phagocytosis.          
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 Earlier in the discussion, mechanisms downstream of the FcγRs, specifically the 
small GTPase Rac, were described to play a role in cytokine production controlled by 
MAPKs, in addition to Rac's control of phagocytosis.  Alternatively, TLRs are not only 
involved in the induction of cytokines, but also can ameliorate phagocytosis. For 
example, the efficiency of bone marrow-derived macrophage phagocytosis of Listeria 
monocytogenes was examined following TLR2 (TLR2-/-) or MyD88 (MyD88-/-) knock-
out (Figure 29) (Shen et al., 2010).  TLR2-/- or MyD88-/- macrophages exhibited a 
decrease in their phagocytic index compared to their wild type controls.  Stimulation with 
the TLR4 agonist LPS was able to restore phagocytosis in macrophages from TLR2-/- 
mice, but not MyD88-/- mice, suggesting that the MyD88-dependent signaling pathway 
can enhance phagocytosis.  Blander and Medzhitov reported that TLR2-mediated 
signaling regulates phagolysosomal maturation in bone-marrow-derived macrophages  
after infection with E. coli, heat-killed Salmonella typhimurium, or Staphylococcus 
aureus (Blander and Medzhitov, 2004). Inhibition of p38, a MAPK activated downstream 
of MyD88, was also sufficient to attenuate phagosome maturation in these macrophages 
following a 30 minute co-culture with E. coli.  Other TLRs, including TLR4, have also 
been associated with modulating phagocytosis.  The enterocyte cell line IEC-6 exhibits 
impaired phagocytosis of E. coli when pretreated with cytochalasin D, an actin 
polymerization inhibitor, or with TLR4 specific antibodies. Though this suggests 
modulation of phagocytosis by TLR4, the study assumes that TLR4 acts as a phagocytic 
receptor. More commonly, TLR4 is considered an enhancer of the phagocytic response 
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rather than an initiating receptor of this process, as it induces the expression of 
phagocytic receptors, such as MARCO or scavenger receptor A (Peiser et al., 2002).  
Furthermore, LPS induced cytokines can increase expression of pro-phagocytic FcγRs 
and suppress expression of anti-phagocytic FcγRs, again implicating the TLRs as a 
modulator of phagocytic ability (Ravetch and Bolland, 2001).  Ultimately, there is a 
delicate interplay between phagocytic receptors and TLRs.  This interaction should be 
taken into consideration when investigating the cellular response to pathogens which 
would activate a number of receptors.  When isolating a single receptor response, such as 
the FcRs, the concern of cross talk between these pathways is of less importance.  This 
allows the focused study of a pathway, but also encourages us to be mindful when 
combining multiple pathways. 
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Figure 29: Signaling by TLR activation.  MyD88-dependent pathway leads to 
proinflammatory cytokines production and is utilized by all TLRs except TLR3. MAPKs 
and NF-κB activation is through IRAK and TRAF.  TRIF is necessary in MyD88-
independent signaling pathways of TLR3 and TLR4 and can induce IFNβ production 
through IRF3. TRAM is involved in MyD88-independent signaling mediated by TLR4.  
TLR-Toll like receptor, TRIF- TIR-domain-containing adapter-inducing interferon-β, 
TRAM- TRIF-related adaptor molecule, IRAK- interleukin-1 receptor-associated kinase, 
NFκB- nuclear factor-κB, IL-interleukin, IFN-interferon, IRF- interferon regulatory 
factor. Modified from Akira and Sato, 2003 
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The small GTPases and the scaffolding potential of adhesion molecules are two 
major contributors to actin polymerization as described above.  In addition to these actin 
modulators, phosphoinositide 3- kinase (PI3K) and phospholipase C (PLC) have also 
been shown to modulate actin remodeling and chemotaxis in cells.  PI3K can induce actin 
polymerization through WAVE and Arp2/3 complexes, which are necessary for 
lamellipodial protrusions (Sossey-Alaoui et al., 2005).  Furthermore, PI3K can induce 
actin remodeling via the small GTPase Rac.   The ethanol literature has shown that both 
acute and chronic ethanol exposure can negatively regulate PI3K by inducing its binding 
to PTEN in hepatocytes (He et al., 2007; Pang et al., 2009).  Thus, decreasing the 
activation of PI3K following ethanol exposure may suppress Rac activation and 
subsequent vinculin phosphorylation.  Moreover, PLC, through its interaction with the 
actin-severing molecule cofilin, can induce actin remodeling (Kolsch et al., 2008).  
Currently, the effect of ethanol on PLC is limited to chronic exposure to ethanol studies 
in rats which described attenuated PLC activity in their cerebral cortex with prolonged 
ethanol treatment (Pandey, 1996).  With this in mind, future studies could include 
measuring the effects of acute ethanol exposure on PI3K and PLC activity during FcγR-
mediated phagocytosis.    
 The effect of ethanol on small GTPase activity may also be of interest in future 
studies.  To elucidate how ethanol alters small GTPase activity, one can measure the 
GDP/GTP ratio in cells exposed to ethanol compared to control.  Though GTP is known 
to be at a greater concentration to GDP, a shift in this ratio may impede GTPase activity.  
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This alteration in basal nucleotide balance was observed in the jejunum of rats exposed to 
75 mM/kg ethanol for 2.5 hours (Marway et al., 1993).  A reduction in ATP and GTP 
was observed, coupled with an elevation in ADP and GDP in the tissue. Similarly, 
nucleotide ratios were also unbalanced in cardiac tissue isolated from rats.  Rats exposed 
to 75 mM/kg ethanol, showed increases in basal ADP, AMP, and GDP, but had no 
alterations in ATP and GTP following acute ethanol exposure (Patel et al., 1996).  This 
dose of ethanol was 40% greater than the in vivo dose we used for the present studies, 
underscoring the importance of measuring nucleotide levels at a lower dose of ethanol.    
 Additionally, though we measured only VavGEF, there are a number of other 
RhoGEFs, plus RhoGDIs and RhoGAPs that control small GTPase activity. Decreased 
GEF activity could also explain the attenuated activation of small GTPases following 
ethanol exposure. This is a field of research that has yet to be explored by the alcohol 
research community.  An understanding of how ethanol affects small GTPase regulation 
would not only allow a firmer grasp of how ethanol suppresses phagocytosis, but other 
ethanol-associated cellular defects such as chemotaxis, can be more readily examined and 
explained.   
 The question of which cellular target is initially effect by ethanol is often 
postulated.  A possible answer to this may be ethanol’s effects on potassium channels.  
Recent studies have demonstrated that ethanol may target the large conductance calcium-
activated potassium (BK) channels which are utilized for many cellular functions in both 
neuronal and non-neuronal cells (Brodie et al., 2007).  Exposure of endothelial cells to 10 
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or 50 mM ethanol results in increased nitric oxide production through modification of 
these potassium channels (Kuhlmann et al., 2004).  In contrast, higher doses (100 and 150 
mM) of ethanol exposure reduced synthesis of nitric oxide, further supporting the concept 
of a biphasic action of ethanol. BK channels have also been shown to play a role in TLR 
and IL-1 receptor-mediated responses as well as phagocytosis by human macrophages 
(Scheel et al., 2006).  Human retinal pigment epithelial cells exposed to the BK channel 
inhibitor paxilline showed impaired ability to phagocytose fluorescent beads (Sheu et al., 
2008).  Furthermore, exposure of neutrophils to paxilline or another BK channel 
inhibitor, iberiotoxin, suppressed phagosome maturation by blocking oxidase-induced 
86Rb+ (a common surrogate for potassium in flux studies) fluxes and alkalinization of the 
vacuole (Ahluwalia et al., 2004).  This ultimately resulted in decreased killing of S. 
aureus, Serratia marcescens, and C. albicans.  With this in mind, it is possible that 
ethanol-dependent attenuation of innate immune responses could be linked to a single 
cellular target. BK channels might represent an initial molecular target for ethanol-
induced modifications of the innate immune response, however, the effect of ethanol on 
lipid raft stability would argue against a single molecule that initiates the suppressive 
effects of ethanol on immune function.  Since lipid raft formation is critical for receptor 
clustering and proper activation, increases in membrane fluidity and the subsequent 
destabilizing effect on lipid raft formation limits the ability to target BK channels as the 
single, independent culprit in ethanol-induced immunosuppression.  Interestingly, there is 
a possible link between BK channel function and lipid raft formation.  BK channels have 
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been shown to cluster in membrane microdomains in close proximity to IP3 receptors 
(Weaver et al., 2007).  Therefore, the effect of ethanol on BK channel activity may be 
due to impairing clustering of these receptors to their potential second messenger source.   
In conclusion, the data presented in this dissertation support the dogma that 
ethanol acts as a broad suppressor of immune responses, and that the mechanisms 
underlying its effect involve cytoskeletal, adhesion, and small GTPase controlled 
components.  Considering the significance of the cytoskeleton and small GTPases in 
many cellular functions, and the multitude and complex sociological issues associated 
with ethanol consumption, there is a clear need to continue the investigation of these 
important biological observations initiated by this dissertation research.  Gaining a better 
understanding of the mechanisms responsible for ethanol-induced suppression of 
phagocytosis, as well as the inflammatory and immune responses, would permit the 
development of treatments that could offset the detrimental consequences of ethanol 
ingestion.  This study has provided additional information that the research community 
can build upon to assist in treating or preventing the negative impact ethanol has on 
healthy living.  It is important to keep in mind that the battle against ethanol-induced 
morbidities begins with promoting abstinence.    
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Figure S1: Repeat of Figure 10.  Alveolar macrophages isolated from mice 3 hours after 
receiving either i.p. saline or ethanol.  Macrophages were subsequently stimulated with 
LPS overnight and TNFα and IL-6 was measured in the supernatant.  *p<0.05 compared 
to saline control as measured by Student's t-test.  n=4-5 animals per group. 
 
 
 
* 
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 Treatment Cytokine Concentration (pg/ml) 
Saline 1089.1 ± 49.4 TNF-α  
Ethanol 859.1 ± 61.9* 
Saline 226.1 ± 46.8 IL-6 Ethanol 168.0 ± 12.5 
 
Table S1: Cytokine production of E. coli stimulated alveolar macrophages (repeat). 
Alveolar macrophages obtained from mice after 3 hours of ethanol (2.2 g/kg) or saline 
exposure. Cells were stimulated with 10 E. coli per cell for 3 hours in vitro.  Supernatants 
were collected and measured for TNF-α and IL-6 by ELISA.  Data are shown as mean ± 
SEM. *p<0.05 from saline controls as measured by Student's t-test. n=3-4 animals. 
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Figure S2: Alveolar macrophage live gate and histogram of phagocytosis at 3 hours post 
in vivo ethanol exposure.  Alveolar macrophages were isolated via BAL, cultured with or 
without EGFP-P. aeruginosa for 30 minutes and fluorescense was measured by flow 
cytometry which correlates with bacterial phagocytosis. 
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Figure S3:  Repeat of in vivo ethanol suppression of ex vivo alveolar macrophage 
phagocytosis of EGFP-P. aeruginosa.  Please refer to Figure 13 for details. *p<0.05 
compared to time matched saline control measured by Tukey-Kramer Multiple 
Comparisons Test following ANOVA, F = 17.497.  n=3 animals per group. 
 
 
* 
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Figure S4: RAW264.7 cells live gate and phagocytosis of EGFP-P. aeruginosa 
following 3 hours in vitro ethanol exposure.  RAW264.7 cells were cultured with or 
without EGFP-P. aeruginosa for 30 minutes and fluorescense was measured by flow 
cytometry which correlates with bacterial phagocytosis. 
 
RAW264.7-Live gate 
Negative stained control 
Control sample- RAW264.7 
Ethanol sample- RAW264.7 
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Figure S5: Repeat of in vitro ethanol reduces RAW264.7 macrophage phagocytosis of 
EGFP-P. aeruginosa. 24 hour time point in bottom graph did not have bacteria added to 
the macrophages.  Please refer to Figure 14 for details. *p<0.05 compared to time 
matched saline control measured by Student's t-test.  #p<0.05 compared to control 
measured by Student's t-test.  n=3 animals per group. 
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Figure S6: Live gate and isotype controls for FcγR-expression in alveolar macrophages 
isolated 3 hours post i.p. saline or ethanol administration. 
Isotype control for antibody 
Negative stained control 
Control sample- Alveolar macrophages 
Ethanol sample- Alveolar macrophages 
PE-CD16 
PE-CD32 
PE-CD64 
BAL live gate 
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Figure S7: FcγR-expression in RAW264.7 cells following ethanol exposure. FcγR-
expression was measured in RAW264.7 cells cultured in control media or media 
containing 50 mM ethanol for 3 hours.  Surface FcγRI, II, and III, or CD64, CD32, CD16 
levels, respectively, are not modified following ethanol exposure.  n = 3 wells per group.  
Data are representative of 2 independent experiments.   
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Figure S8: Acute exposure to ethanol in vivo suppresses alveolar macrophage actin 
polymerization during FcγR-mediated phagocytosis (repeat).  Alveolar macrophages 
isolated from mice receiving saline or ethanol for 0.5, 3, or 24 hours were co-cultured 
with IgG coated beads for 20 minutes (A).  Alveolar macrophages isolated from mice 
receiving saline or ethanol for 3 hours (B). *p<0.05 compared to saline control, as 
measured by Student's t-test.  n=3 animals per group. 
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In vivo Ethanol administration 
Materials 
-CO2 tank and chamber  
-scale  
-Normal saline (0.9%)  
-1 ml syringes for infection  
-1 ml syringes with 27 g needle 
-20% v/v ethanol (7.89 ml saline + 2.11 ml ddH2O) 
Procedure  
- Tail mark and weigh animals. Be sure to replace dirty cage bottoms with clean 
ones.  
- Fill 1 ml syringes with 300 µl of 20% ethanol  
- Fill 1 ml syringes with 300 µl of saline vehicle  
- Inject animals with ethanol or saline vehicle  (i.p.) 
- Monitor animals for severe inebriation  
 
Splitting cells 
- Warm up media 10 min in warm water bath for raw cells, use RPMI 1640 + 10% 
FBS + 1% PSG 
- Use cell scraper and dislodge cells from P75 container 
- Recap and hit P75 with hand to break up cells 
- Put 6.5 ml of warm media into new P75, add 0.5 ml of stock cell culture (just 
broken up), make as many plates as desired, and discard old P75 
- Recap, make sure cap is slightly open so oxygen is freely diffused 
- Next day, change media, aspirate old and put new warm media on (7 ml in order 
to keep volume constant) 
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- Repeat MON and THURS 
 
Seeding cells 
- Warm up media 10 min in 37ºC water bath for raw cells, use RPMI 1640 + 10% 
FBS + 1% PSG 
- Use cell scraper and dislodge cells from P75 container 
- Recap and hit P75 with hand to break up cells 
- Use cells necessary for splitting cell line, see above 
- Put 2 ml of warm media into 6 well plate (P35), add 0.085 ml (85 µl) of stock cell 
culture (just broken up), make as many plates as desired, and discard old P75 
- Recap the new P75, make sure cap is slightly open so oxygen is freely diffused 
- Next day, change media, aspirate old and put new warm media on 
- Repeat MON and THURS 
 
Culturing cells with ethanol in vitro 
- Two days after seeding cells (in 6-well plate) they are ready (optimal confluence 
~75%) for culturing with ethanol 
- Depending in the time of ethanol exposure, warm media in two containers (one 
control, one ethanol) for 15 minutes prior to use.  Account for 1 ml of media per 
well (plus extra, for example 7 ml media for 1, 6 well plate) 
- Add ethanol (50mM for my experiments) to one of the tubes (~3 µl of 95% 
ethanol per 1 ml media). Alcohol used: AAPER alcohol, Ethyl Alcohol USP (190 
proof-95%) 
- Aspirate current media from the wells and add either control media or media with 
ethanol 
- After the planned time of ethanol exposure, manipulate cells as needed (lyse, add 
bacteria/beads, etc) 
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Phagocytosis Assay using EGFP-P. aeruginosa 
- Prepare bacteria as described in “Phagocytosis” protocol 
- Add 100µl of the bacterial suspension to each well or suspension 
- Place plates into incubator for 30 minutes (370 C with 5% CO2 circulation). 
- Arrest the phagocytic process by 2 ml of ice cold PBS. 
- Wash twice with ice cold PBS. 
- Add 1 ml of Lysozyme (1 mg/ml in 1X PBS), cover to protect from light and 
again use the LabRoller to optimize mixing at 40C for 20 min. 
- Physically remove cells from plate using a policeman cell scraper 
- Analyze via flow 
 
IgG coated bead preparation  
 
Beads sufficient for 4 6-well plates 
- Incubate 100 µl of Sigma Latex Polystyrene beads (Cat # LB30-2 ml) with 10 
ml of 10% BSA in PBS (keep frozen aliquots in -20C) overnight mixing at 4C 
- Centrifuge (1800xg) for 6 minutes and resuspend pellet in 5 ml of cold PBS. 
- Repeat twice 
- Resuspend in 1 ml of PBS and incubate with 13 µl of Mouse anti-Bovine 
serum albumin [5F9] Abcam (cat # ab9092-100) for 1 hour at room 
temperature using tube rotator 
- Wash beads 2 times with PBS, and 1 time with serum free media.   
- Resuspend with 1 ml of serum free media and add entire suspension to the 
warming media for culture (see Culturing Raw cells) 
 
Fcγ-receptor mediated phagocytosis (using IgG coated beads) 
- Prepare beads using “IgG coated bead preparation” protocol 
- Warm media without serum prior to start of phagocytosis 
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- Add entire bead suspension to warm media 
- Spin plates for 15 seconds from start of 425G centrifuge 
- Place plates into incubator for desired time (5-40 minutes depending on 
experiment) 
- Remove plates and wash with 2 ml ice cold PBS three times 
- Lyse or fix and stain cells 
 
Immunocytochemistry (ICC) of cells adhered to plate  
- Wash cells 3x with ice cold PBS when treatment is completed 
- Fix cells with 4% paraformaldehyde for 10 minutes 
- Permeabilize with 0.1% Triton X-100 in PBS for 3-5 min at room temperature 
- Block with 2% bovine serum albumin (BSA) in PBS for 30 min to 1 h at room 
temperature 
- Incubate cells at room temperature with rhodamine phalloidin (75 µl in 12 ml) 
for 30 minutes in 2% BSA in PBS. (use about 1 ml per p35 well) Make sure 
all staining is done covered to prevent fluorescence loss 
- For multiple antibodies, follow IHC protocol for antibody staining. 
- Stain cells with Hoechst nuclear stain (1:10,000) for 2 minutes (very strong 
don’t overdo it b/c it will activate other fluorochromes after it becomes 
activated) 
- Wash cells 3x with PBS. 
- Store at 4C in dark for at least a week in PBS or coat them with mounting 
media and a cover slip for longer term 
 
In vivo ethanol exposure, alveolar macrophage isolation, plating and LPS/bacterial 
stimulation 
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- Mice were randomly divided into two groups. One group, the control group, 
was given either 100 µL or 300 µL saline intraperitoneally (i.p.). The second 
group, the experimental group, was given a single i.p. injection of 1.1 or 2.2 
g/kg body weight ethanol (100 or 300 µL of 20% v/v ethanol in saline). 
Alcohol used: AAPER alcohol, Ethyl Alcohol USP (190 proof-95%).  2.11 ml 
of 190 proof ethanol combined with 7.89 ml of saline yields 20% ethanol used 
above.   
- Alveolar macrophages were isolated by eight sequential 800 µL 
bronchoalveolar lavages (BAL).  
- Roughly 600 µL of collected BAL fluid and cell suspension was isolated per 
lavage, for a total of ~5 ml total BAL fluid.  
- Cells were washed twice with ice cold PBS, resuspended in 0.5 ml media, and 
counted for plating. 
- 2 × 105 Cells were plated in 200 µL RPMI 1640 medium supplemented with 
5% FBS, 2 mM glutamine, 100 U/ml penicillin, and 100 µg/ml streptomycin 
in each well of a 96-well plate 
- Similar to the splenic macrophage plating protocol, alveolar macrophages 
were incubated for 2 h and non-adherent cells were removed by washing three 
times with warm medium  
- Purified macrophages were cultured for 16 h in RPMI 1640 supplemented 
with 5% FBS overnight with or without endotoxin (100 ng/ml LPS; E. coli 
O111:B4; Sigma-Aldrich, St. Louis, MO)  
- In the absence of stimulation, macrophage cytokine levels were undetectable 
via ELISA  
- Bacterial activation of alveolar macrophages was accomplished by incubating 
the macrophages for 3 h with E. coli (K12 strain provided by Dr. Shankar) in 
RPMI 1640 medium supplemented with 5% FBS  
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- Supernatants were collected after 3 (for bacterial stimulation) or 16 h (for LPS 
stimulation), aliquoted, and stored at −80ºC. 
 
Making LB Broth with Gentamicin 
- Measure 30 grams of LB Broth, Miller (Acros Cat# 61187-5000)  
- Add to 1L of ddH20.   
- Place LB broth in autoclave tub with some water in the tub 
- Autoclave (liquid cycle, program 3 in 4th floor autoclave room) 
- Let broth cool off to room temperature and add Gentamicin 
 Gentamicin Reagent Solution GibCo Cat#15750-060 
- Add stir bar and stir thoroughly 
- Place in 4ºC refrigerator until use 
 
Bacterial Phagocytosis  
Preparation of Bacterial Suspension 
- Bacteria (EGFP-Pseudomonas aeruginosa) cultured overnight in LB broth 
containing Gentamicin (2 ml/L of 50 mg/ml stock solution, GibCo Cat# 15750-
060) 
- The bacterial suspension is spun at 3000rpm for 15 min 
- Washed three times with 1X PBS, re-suspended in PBS and measure the optical 
density in a spectrophotometer at Fixed Wavelength (665)  
- Adjust dilution to obtain the final OD of 1.5 
- 100µl of this bacterial suspension is used per phagocytic assay 
- An aliquot of this final bacterial suspension is subjected to serial dilutions and 
plated on TSA plates overnight to determine the exact CFU used for the assay 
 
Phagocytosis Protocol 
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- Aliquots of 2.5*105 cells in suspension is washed 2X with 1XPBS (at 300xG for 5 
minutes) and re-suspended in 1 ml serum free medium in a 1.5 ml tube 
- Add 100µl of the bacterial suspension 
- Cover the tubes with tight caps and leave in the incubator (best to use the 
LabRoller to ensure proper mixing) for 30 minutes at 370C with 5% CO2 
circulation 
- Arrest the phagocytic process by adding the cells into a 15 ml tube filled with 3 
ml of ice cold PBS 
- Spin down the cells at 300xg for 5 minutes and wash twice with ice cold PBS 
- Add 1 ml of Lysozyme (1 mg/ml in 1X PBS), cover to protect from light and 
again use the LabRoller to optimize mixing at 40C for 20 min 
- Spin down the cells and wash 2X with ice cold PBS 
 
Cell Surface Staining 
 Materials 
- Cells for control staining (unstained cells + single stain control for each antibody) 
- 1.5 ml tubes 
- Flow buffer: 1% BSA, 0.1% NaN3 in PBS, 0.2 µm filtered 
- Blocking solution: 1:20 dilution (0.5 µg/ml) of anti-CD16/32 FcRδ II/III (clone 
2.4G2, BD Pharmingen, Catalog #553142) 
- Fluorochrome-conjugated antibodies (determine dilutions beforehand) 
- 1% paraformaldehyde in PBS 
- FACS tubes (Fisher, Falcon Catalog #352008) 
 
Procedure: 
- Wash and count cells 
- Centrifuge at 300xg for 5 minutes 
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- Aspirate supernatant and add 50 ml of blocking buffer to each tube 
- Mix samples and incubate 20 minutes at 4ºC 
- Centrifuge at 300xg for 5 minutes 
- Resuspend in 50 µl of flow buffer containing antibodies of choice to each sample 
tube and to control tubes 
- Incubate for 30 minutes at 4ºC protected from light 
- Centrifuge at 300xg for 5 minutes 
- Wash 3x in flow buffer 
- Aspirate supernatant and resuspend in 300 ml of 1% paraformaldehyde  
- Cover tubes with foil and store at 4ºC until analysis 
- Wash 3x before running on FACS machine 
- Remove paraformaldehyde and resuspend samples in 500 µl of FACS buffer prior 
to transferring them to facs tubes 
 
Active Rac Immunoprecipitation 
- Carefully remove the culture medium and gently rinse the cells once with ice-cold 
PBS 
- Add 100 µL Lysis/Binding/Wash Buffer per well of 6-well dish 
- Scrape the cells and transfer to a microcentrifuge tube.  Vortex the tube briefly 
and incubate on ice for 5 minutes 
- Transfer the supernatant (total lysate) to a new tube 
- Save a sample (15 µl) of the cell lysate for protein quantification 
- Place a spin cup into a collection tube for each sample 
- Add Glutathione Resin cube to spin cup with collection tube 
- Add 20 µg of GST-human Pak1-PBD to the spin cup containing the resin 
- Immediately transfer up to 700 µl of the cell lysate (containing at least 500 µg of 
total proteins) to the spin cup, close the cap and vortex the sample 
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- Incubate the reaction mixture at 4ºC for 1 hour with gentle rocking 
- Centrifuge the spin cup with collection tube at 6000xg for 10-30 seconds 
- Transfer the spin cup to a new collection tube 
- To wash resin, add 400 ml of Lysis/Binding/Wash Buffer, invert the tube three 
times, and centrifuge at 6000xg for 10-30 seconds. Decant the buffer and repeat 
this wash step two additional times 
- Transfer the spin cup to a new collection tube 
- Prepare 50 ml of reducing sample buffer for each pull-down reaction by mixing 1 
part β-mercaptoethanol to 20 parts 2x SDS Sample Buffer (e.g., mix 2.5 µl of β-
mercaptoethanol to 50 µl of 2x SDS Sample Buffer) 
- Add 50 µl 2x reducing sample buffer to the resin.  Vortex the sample and incubate 
at room temperature for 2 minutes 
- Centrifuge the tube at 6000xg for 2 minutes.  Remove and discard the spin cup 
containing the resin 
- Heat the eluted samples for 5 minutes at 95-100ºC.  Samples may be 
electrophoresed on a gel or stored at -20ºC until use 
- Apply at least 25 µl per lane for a 10 well gel (4-20% provides best separation) 
 
Western Blot Protocol 
 
Solutions to make (recipes at end of protocol): 
1L 5x Running Buffer  (stock)   10% SDS (in dH20) 
1L 5x Transfer buffer (stock)    5M NaCl 
TEN solution      0.5M EDTA 
3% milk in 0.05% Tween/PBS   1M Tris (pH 7.5) 
1L 1x Running buffer     1L 1x Transfer buffer 
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Other solutions needed: 
- β-mercaptoethanol or DTT 
- Sample Buffer (4x sample buffer Fisher Cat. #CB31010) 
- Methanol 
  
Supplies needed: 
- Electrophoresis and transfer apparatus 
- Gels (usually use BioRad Tris-HCl 4-20%, Cat # 161-1105) 
- Filter Paper (BioRad Cat. #1703932) 
- Foam/thin sponges 
- Membrane (PVDF membrane: Millipore Cat #IPVH07850 
- Razor blade 
- Gel loading tips 
- 1.5 ml conical Eppendorf tubes (for samples, ladders) 
 
Electrophoresis 
Run a protein assay on samples to determine amount of sample to use that equals 15 µg 
protein. (Use sample Western blot 15 µg Excel file in protocols) 
 
Add dH20 to plate heater and set temperature for 100ºF. (allow ~30 minutes for heating 
to set temperature) 
 
Make 1x running buffer (from 5x) and prepare samples.  Add H20, β-mercaptoethanol 
and 2x (dilute in dH20) sample buffer to tubes according to amounts calculated in 
Western blot sample calculator.  Keep samples on ice at all times!  Add sample last and 
right before boiling! 
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Ladders prepared at following amounts – 5 µl β-mercaptoethanol, 25 µl Sample buffer, 
10 µl dH20, 10 µl ladder. 
 
Once plate heater warms to temperature, place samples in heater and boil for 1 minute.  
Remove samples from heater and place back on ice immediately. 
 
Gels are stored in 4ºC fridge.  To open, use razor blade to cut alone black line along 
bottom and peel carefully.  Remove comb to expose wells.  Load gel(s) ensuring that 
green gasket ridge matches up with the gel.  If running only one gel, use buffer dam on 
other side.  Lock gels in place and load into electrophoresis dish – creates 2 outer and 1 
inner reservoir. 
 
Add 1x running buffer to inner reservoir first and check for leaks.  If none apparent, 
continue to add buffer to inner reservoir, allowing it to run over into outer reservoirs.  Fill 
until wells are covered entirely by buffer, but do not go over top of gel/plastic.  
(Combining reservoirs will abolish the potential difference and nothing will happen) 
 
Load wells with 20 µl of sample using gel-loading tips.  Be careful to not dispense any 
air bubbles into wells. 
 
Put cap on dish – black to black, red to red.  Run gel at 103V for ~1 hour.  Check gel to 
make sure it is running.  Sample buffer (blue line) should be almost to bottom before 
stopping electrophoresis. 
 
Transferring to Membrane 
Mark top of membrane with “Top” and initials, date, expt. # on bottom with pencil.  DO 
NOT TOUCH MEMBRANE!  
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Pour methanol into one small plastic dish.  Prepare 1L 1x Transfer buffer (recipe below) 
and pour some (not all) into small plastic dish.  Use one dish per transfer done, and one 
for removal of gel.  Place black portion of transfer holder into dish w/ buffer. Place 
sponge against pegs of holder, and place filter paper on top of sponge.  Remove air 
bubbles (roll test tube or pipette piece over filter paper).  
 
To remove gel, crack open case (in dish with transfer buffer) with razor blade or spatula, 
gel will stick to one of the sides of the case.  Keep gel in transfer buffer and cut off wells 
using razor blade.  Slide gel onto filter paper; straighten and remove air bubbles.  Using 
forceps, lay membrane (written side to gel) onto gel.  Move membrane around so as to 
cover entire gel and remove air bubbles.  Place another piece of filter paper over 
membrane and remove air bubbles; place another sponge over filter paper and remove air 
bubbles.  Closer transfer holder and keep in transfer buffer until ready to load into 
transfer apparatus. 
 
♦Wash electrophoresis equipment within minutes of finishing to prevent salt build-up 
affecting equipment. (Wash with tap water, rinse with dH20) 
 
Place transfer dish into rectangular container and surround dish with ice.  Place a stir bar 
at bottom of dish and put transfer holder (red and black) into dish.  Add ice container and 
the “transfer sandwich” (black part of transfer holder to black side of transfer apparatus) 
to dish.  Fill dish with transfer buffer (can use buffer that was used to make transfer 
sandwich).  Buffer should cover entire “sandwich”, but not overflow dish.   
 
Place ice container on stir plate and put lid on dish - red to red, black to black.   
 
1 membrane – 200 mA for 1 hr. 
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2 membranes – 350 mA for 1 hr. 
 
Blocking and Primary Antibody 
Carefully remove membrane from “transfer sandwich” and put into plastic dish 
containing TEN solution.   
 
♦Wash transfer equipment within minutes of finishing to prevent build-up of salt 
affecting equipment. 
 
Pour off TEN solution and add ~10-12 ml of 3% milk in 0.05% Tween/PBS.  Place on 
shaker at RT for 30 minutes. 
 
Add primary antibody to 10-12 ml milk solution.  Pour off milk solution and add primary 
antibody.  Cover with parafilm and place on shaker at 4ºC overnight. 
 
Primary antibodies usually used at 1:1000-1:5000 dilution. 
 
Washing and Secondary Antibody 
Pour off primary antibody into conical tube (Antibody dilutions can be saved for ~1 
week) and add 10-12 ml of TEN solution onto membrane.  Place on shaker for 10 
minutes. Repeat 2x for total of 3 washes. 
 
Dilute secondary antibody in milk solution.  (Secondary antibody usually used at 1:2000-
1:10,000 dilution. Secondary antibodies conjugated to HRP or other detection agent.  
Unstained ladder requires StrepTactin-HRP (BioRad, Catalog #161-0380) addition to 
secondary antibody dilution. (1 µL StrepTactin-HRP/5 ml milk solution) 
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Pour off TEN solution; add secondary Ab.  Place on shaker at RT for 1 hour.  Wash 3x in 
TEN solution.  
 
Detection (HRP) 
Place piece of saran wrap on counter.  In 15 ml conical tube mix 1 ml brown bottle, 1 ml 
clear bottle (Supersignal West Dura extended Duration Substrate) per membrane.  Place 
membrane (remove excess moisture by wiping membrane against dish edges) on saran 
wrap.  Pour 2 ml detection reagent on membrane.  Using forceps, pick up edges of 
membrane to ensure detection reagent gets to all portions of membrane.  Leave detection 
reagent on membrane for 2 minutes.  Pick up membrane and blot edges on paper towels 
to remove excess buffer.  Blot excess reagent from saran wrap as well.  Place membrane 
back on saran wrap and cover with saran wrap.  Keep saran wrap as flat as possible to 
prevent detection reagent sitting on one part of gel.  Fold edges of saran wrap to seal.   
 
Use BioRad ChemiDoc to detect bands. (Chemi-Hi setting) 
 
After detection in ChemiDoc, remove membrane from saran wrap and put back into 
plastic dish containing TEN solution.  Wash 3x for 10 minutes each.   
 
If  blotting membrane with another primary antibody, add 10-12 ml of Stripping buffer 
(Restore PLUS Stripping buffer) to membrane and place in 37ºC incubator for 30 
minutes.   
 
Wash 3x for 10 minutes each in TEN solution.  After washes repeat procedure from 
blocking step. 
 
Recipes: 
5x Running Buffer (1 L)  5x Transfer Buffer (1 L)   
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50 ml 10% SDS   25 ml 10% SDS    
72 g glycine    72 g glycine    
15.15 g Trizma Base   15.15 g Trizma Base 
ddH20 to 1 L    d to 1 L 
 
10% SDS (1 L)   5M NaCl (250 ml) 
100 g SDS    73.05 g NaCl 
1 L dH20    250 ml dH20 
 
1x Transfer Buffer (1 L)  3% milk/0.05%Tween-PBS 
600 µl dH20    3 g dry milk 
200 µl 5x Transfer buffer  100 ml 0.05% Tween-PBS 
200 µl Methanol 
 
Section 1.01 Stripping Buffer (100 ml)     TEN solution 
20 ml 10% SDS    1 M Tris pH 7.5 (25 ml) 
6.25 ml 1M Tris-HCl (pH 6.8)   0.5 M EDTA pH 8.0 (2 ml) 
73.75 ml dH2O     5 M NaCl (28 ml or 56 ml of 2.5 M NaCl) 
0.8 ml β-mercaptoethanol    ddH2O to 1 L 
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